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SECTION I
INTRODUCTION AND SUMMARY

This report describes the work performed at Rocket Research Corporation (RRC) during the periodI' starting May 30, 1975, and ending March 31, 1977, under USAF Contract F-33615-75-C-2027
which was granted by the Air Force Systems Command, Aeronautical Systems Division!/PPMNB,
Wright Patterson AFB.

"The purpose of the program was to determine the feasibility of converting an aircraft jet engine
startei that is normally powered with.an 8-1bm solid propellant cartridge (type MXU4A/A), to an
equivalent liquid monopropellant-fueled device utilizing state-of-the-art hydrazine technology, the
single most important and most difficult development constraint being that the complete hydrazine
system must package within the space normally occupied by the MXU4A/A solid propellant
cartridge in the starter breech.

As discussed herein, and summarized in the Conclusions Section, page 133, RRC has successfully
"demonstrated the feasibility of converting the cartridge starter to operate with hydrazine-based

A[.• propellant, and the resultant system can be packaged within the space normally occupied by tile
MXU4A/A solid propellant cartridge in the starter breech.

The feasibility demonstration program was conducted in two phases. The initial phase included
analysis and design audivities which resulted in a preliminary design drawing of a flight concept
version of'. the hydrazine-fueled starter. The hydrazine conversion package includes a starter breech
base-mounted gas generator (catalytic decomposition reactor), an expendaible fuel cartridge which
contains sufficient hydrazine-based fuel for the worst-case (-65 0 F) start condition, and a
pressurization subsystem that is used to pressurize the fuel cartridge for fuel expulsion during

starter operation, A planning document was then prepared for the conduct of the experimental
(Phase I1) portion of the program.

"After contractor's review of the flight concept preliminary design drawing and the Phase I1 planning
document, prototype hardware was fabricated; and the basic feasibility of starter operation in the
"hydrazine mode" was successfutly demonstrated,

Based on the results of Phase i/I activities, a Final Flight Concept Preliminary Design was
completed which incorporated all the technical adancement provided by this effort. This design is
shown on page 4.

The results of the Phase 1/11 activities are summarized in the following subsections and discussed in
detail in the remaining sections of this report.

1.1 PHASE I SUMMARY

Initial analysis and preliminary physical component layout drawings prepared during the proposal
phase of the program indicated that there should be sufficient space available within the breech

~~'J



envelope of the solid-propellant-Ifueled jet engine starter to package a complete hydrazine-ftueled gas
generating subsystMnI which Would be capable of providing cartridge starter performance equivalent
to that obtained with the MXU4A/A cartridge.

The hydrazine-fueled starter would be capable of operating over an ambient temperature range of
-65 to +160°F, in any attitude, while delivering energy rates and total energy equivalent to the
MXU4A/A solid propellant cartridge.

During Phase 1, detailed design layouts were developed for each component in the hydrazine-fueled
gas generating system; and a conceptual preliminary design drawing of the hydrazine-fueled starter
was prepared for contractor's review with the basic requirements established for the system. Phase I
was concluded by preparing a planning document for the following experimental demonstration test
program (Phase Ii).

1.2 PHASE I! SUMMARY

Early Phase I! activities included the design and fabrication of a subscale hydrazine-fueled gas
generator, the buildup of a breadboard fuel supply system, and the installation of a government-
furnished universal jet engine starter test stand.

Initial subscale gas generator testing verified the adequacy of the proposed flight concept gas
generator design approach.

Baseline starter operating characterization testing was then conducted using a model STU I 3A/34
starter and MXU4A/A solid propellant cartridges. The "cartridge-mode" operating characteristics of
the starter were measured, at RRC, by operating the starter on the inertia wheel type universal
starter test stand. Multiple cartridge starts were conducted at ambient temperatures ranging from
-65 to +1600F. This test series defined starter output shaft terminal speed and time to terminal

* speed characteristics as a function of soak temperature in the cartridge mode.

* Hydrazine-fueled starter testing was then initiated by installing the prototype flight concept gas
generator in the breech base of the STUI3A/34 starter which was then supplied with
pressure-regulated fuel from a breadboard fuel supply subsystem.

The performance of tWe hydraziti-fueled starter was monitored with the universal starter test stand
for direct comparXson with the baseline "cartridge-mode" test results. Additionally, fuel
consumption per start cycle was measured directly from the run tank in the breadboard fuel supply
system.

The hlydrazine-fueled starter was operated 24 times with the TSF-l candidate fuel blend to
demonstrate a minimum gas generator life capability of at least 20 full power start cycles. Four
firings were conducted at -65OF soak conditions, two firings at +160 0F, and the remaining 18
firings were at ambient.

Eight additional hydrazine-fueled start cycles were then conducted with the TSF-2 candidate fuel
blend. Three firings were conducted at -65OF soak conditions, three at +1600F, and two at
ambient.

* * 2
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10 A review of the fuel consumption per start cycle with the TSF-I and TSF-2 fuel blends indicated
that tile TSF- I fuel blend could not be packaged in (he space available in the starter breech, and the
space available would be marginal with the TSF-2 fuel bknd. Additional analysis was then
conducted to determine what changes, if any, could be made to the original Phase I flight concept
"design layout to increase the space available within the breech envelope for fuel storage. This
analysis indicated that adequate additional fuel storage volume could be obtained by revising the
fuel pressurization subsystem from the original hydrazine-fuelcd configuration to a solid propellant¶ pressurization subsystem.

A breadboard version of the proposed solid propellant fuel pressurization subsystem was
subsequently designed, fabricated, and evaluated; and the hyd razine-fue led starter was successfully
operated while receiving TSF-2 fuel from the breadboard solid propellant fuel pressurization
subsystem.

f The final version of the hydrazine-fueled .jet engine starter flight concept design is shown in the

isometric drawing of Figure I and described in detail in Section IV of this report.

Referring to Figure 1, the major components of the hydrazine conversion package include a gas

generator and a liquid fuel cartridge. These components are contained within thle starter breech in
the space normally occupied by the MXU4A/A, 8-lb solid propellant starter cartridge.H The gas generator is an assembly of eight small catalytic decomposition reactors arranged in parallel
and manifolded to a central, common liquid fuel supply fiiting. The gas generator is adapted to the
cavity available in the starter breech base. The gas generator would remain in the breech base
throughout its useful life, estimated at 400 to 800 starter operating cycles.

The liquid fuel cartridge is an expendable item that would be replaced prior to each starter
operating cycle per the procedures currently in effect for the MXU4A/A solid propellant cartridge.
The liquid fuel cartridge interfaces with the gas generator fuel supply fitting through a
burst-disc-sealed fuel outlet port. The hydiazine-based liquid fuel supply is retained by an integral
elastomeric bladder which is contained within the fuel cartridge shell. Bladder retention of the
liquid fuel charge will allow the starter to operate in any attitude. The fuel cartridge contains
sufficient hydrazine-based liquid fuel for one starter operating cycle at any temperature in the
required -65 to'+1600F operating range. The fuel cartridge also includes a small s(Aid propellant
pressurization subsystem that is used to pressurize and expel the liquid fuel charge through the gas

tJ. generator when the starter is operated. The solid propellant subsystem is initiated electrically, and
its power connecion interfaces with the electrical connector that is currently installed in the breech
cap for initiating the MXU4A/A, 8-ibm solid cartridge.

The Phase II test program has successfully demonstiated the basic -feasibility of operating a jet
engine starter with hydrazine-based fuel blends. Hydrazine starter performance equivalent to solid
propellant-fueled starter performance has been demonstrated at -65, ambient, and +160OF soak
conditions with a worst-case fuel consumption (-65 0 F start) that is compatible with the space
available within the cartridge starter breech envelope for liquid fuel storage.

3
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SECTION I!
PHASE I - CONCEPTUAL DESIGN

Three months were allotted at the beginning of the program for Phase I system studies, preliminary
design analyses, and program planning activities. The major objectives of the Phase I task were as
follows:

a, Prepare a preliminary design layout of the hydrazine system concept that could be used
in a flight version of the hydrazine-fueled starter.

b. Predict the operating characteristics of this system and a hydrazine-fueled starter.

c. Prepare for a review of the safety and maintainability aspects of the hydrazine-fueled
starter.

d. Prepare a program plan to describe the proposed experimental test program (Phase 11) to
determine and/or demonstrate the feasibility of converting a customer-furnished solid
propellant-fueled jet engine starter to hydrazine.

"A formal presentation of the Phase I material was conducted at the end of the 3-month study
period for contracting agency review and approval prior to proceeding with the Phase II hardware
fabrication and test program. The major elements of the Phase I task are discussed in the following
subsections.

4' 2.1 GENERAL APPROACH

The general approach to the design of the flight concept version of the hydrazine fueled starter was4 to use existiug technology to the maximum possible extent. Unique system requirements were
primarily associated with the extremely limited packaging space available 'for the hydrazine

* ,subsystem and the requirement for system operation-at -65OF soak conditions, The Phase I program
elements are discussed, below.

2.2 FUEL SELECTION

The ideal fuel for monopropellant hydrazine conversion of the cartridge starter is anhydrous
hydrazine (neat. hydrazine). " Unfortunately, the freezing point of the anhydrous hydrazine is
approximately +35OF and. is inconsistent with the requirement for system operation over a
temperature range that extends from -65 to +4 60 0 F.

Neat hydrazine 'could be: considered 'if sflcient 'electrical power were available to power system
.heaters 't.prevent.-fuel ft66 g at.16w 0s1 em sdak temperatures. However, the laek of power

availability andthe undesiriale complication of system heaters eliminate this approach.

There are a number of additives and combin4tions of additives that may be used to depress the
freezing point of an)hydrous hydrazine. These additives are identffied and dlctiused in Ithe'following

~ r..t r~'-...

•.,
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t 2.2.1 Hydrazine Additives

"Candidate freezing point depressant additives for hydrazine include water, ammonia, hydrazine
nitrate (HN), monomethyl hydrazine (MMH), ammonium thiocyanate, hydrogen cyanide, and
hydrazinium azide.

Kr One of the preliminary considerations in the selection of additives to reduce the freezing point is
the type of decomposition chamber to be employed in tile system. Since the hydrazine-fueled
starter will require a spontaneous type catalytic reactor with long life and multiple restart

capability, any carbon containing additives must be eliminated from consideration as viable
candidates since additives in this family will deposit carbon on the active sites of the catalyst and
reduce the effective activity of the catalyst below that required for repeated restart capability. This
reduces the candidate additives to water, ammonia, and hydrazine nitrate, The azide propellants
offer no advantages over nitrated propellant, the safety characteristics are inferior, and gas generator

tests indicate an order of magnitude increase in catalyst loss rate over the nitrate propellants.

A second consideration in the selection of additives is their effect on the energy content of tile
resultant fuel mixture. Water and ammonia will reduce the energy content of the blend, and
hydrazine nitrate will increase the energy content.

2.2.2 Binary Propellant Mixtures
Binary mixtures of hydrazine and water, ammonia, or hydrazine nitrate can be evaluated in gross
terms for this application as follows:

I 1. Hydrazine/Water

1 I A -650F freezing point is obtainable with reasonable fuel mix energy content.

2. Hydrazine/Ammonia

A -65OF freezing poiat requires approximately 64% ammonia by weight; the energy
content of the resiitant mixture is not adequate for this application, and this high

• b percentage of ammonia makes it very marginal that decomposition can be reliably
"obtained. Additionally, the high vapor pressure of an ammonia additive would increase

j the complexity of fuel mix operations and complicate the design of the fuel cartridge;
therefore, ammonia is not considered as a viable candidate for a freezing point depressant
for this application.

t . 3. Hydrazine/Hydrazine Nitrate

...The maxinmum fr~eezing point d~p~ion obtainable with this mixture is OOF when
consideration is given to selecting a, mixture which is not in a shock-sensitive range,.
Therefore, a binary mixture of hydrazine nitrate cannot be considered for this
application.

22.3 Tornary Propella nt.tu..
1Hydrazine can be combined with various percentages of water and hydrazine nitrate as, a ternary
blend to satisfy the -650P freezing point requirement. Additionally, the resultant ternary mixes

6



have a greater energy content than the hydrazine-water mix previously discussed and are stable
compounds which are not shock sensitive.

2.2.4 Propellant Selection
The above review of the additives available and a consideration of the long-life requirement for the
catalytic gas generator, with multiple restart capability, have resulted in the selection of water, or a
combination of hydrazine nitrate (N2HSN03) and water, as the preferred freezing point depressant

additives for this application.

Rocket Research Corporation selected three candidate turbine starter fuel (TSP) mixtures for
additional analysis, The composition of these fuel mixtures is surnmarized in Table 1.

V Table I
COMPOSITION OF CANDIDATE

APU STARTER FUELS

Fuel Mix %___ %by Weight ___

Identifier
______ N2114 N2fl5N03 H20

TSF- 60 21 19

TSF-ure, 58t 2! 1

Figre doict th frezig pintcharacte~ristics. of binary mixtures of water and anhy'drous
hydazie s afuntin o th prc~ntae.by weight. of hydrazine in the mix. The required -65OF
frezin pont ay e otaied n felmixtures containing 32, 5 7, or 68 percent hydraz~ne. A

hydrazine/water mixture containing 68 percent hydrazine (TSF-3) was selected to maximize the
enery cotentof the fuel mix.

Frezin pont epression to -65OF can be obtained with any ternary mixture of hydrazine,
hydrzinenitrate,.:and water within the boundary established by the-dashed envelope of Figure 3
(i~.,o~silothe shbck-wensltive,6oundaiy'). The enory content of the result nt mixture increases as
then~ Mixture yda:n o hyýdr~iwne bitrato co~iteint as noteO by the superimposed

autgas Isoth 000. T40 most iwete x irs lijna ieta is classified as detonable by
tecard gap test mthod.

The ternary mixvskt4 oposbI dq: tIA4 applicatd are:.show botiaglr symbols on
Figure 3. The, TS~ nli4wti h -0Fjfti #.poi~ -%#elbpo ftd slgtly below the
detonable boundaiy. 19F- is14 bo ihate~ re1~ lve ope wt dionlmgin
below the AetonablbOatndery. ThAfkTS4r h ;eaat -6hogotlc oft-he, twfo tnry mnixes but
'has improved safet' magin.
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FREEZING POINT OF HYDRAZINE-WATER MIXTURES
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The liquid bulk density of the candidate binary and ternary fuel mixes can be determined from the
data shown in Figure 4. It will be noted that the ternary mixes TSF-I and TSF-2 are significantly
denser than the binary( mix TSF-3.

The relatively high bulk density of the ternary mixes and the energy content of the resultant
exhaust products will combine to yield the minimum required fuel storage volume for a given
cartridge starter operating cycle.

The temperature and the composition of the exhaust gas generated by the decomposition of
hydrazine-based fuels is a strong function of the chemical composition of the fuel mix, temperature
of the fuel supplied to the gas generator, and certain physical design variables in the decomposition

chamber.

Hydrazine fuel may be considered to be decomposed in the gas generator reactor according to the
following consecutive reactions:

3N2H4 .- 4NH 3 + N2 + 144,300 Btu (1)

4NH3 - 2N2 +6H2-79,200 Btu (2)

4 -,In the first step of the reaction model, the hydrazine is broken catalytically into ammonia and
nitrogen. In the second step, the ammonia formed is dissociated into nitrogen and hydrogen. In the
first step, the exhaust products would be slightly toxic due to the presence of ammonia and
relatively nonflammable due to the absence of hydrogen. In the second step, which is exothermic,

A, the exhaust gas temperature. 'decreases as the ammonia dissociates into nitrogen and hydrogen,
effectively reducing the -toxicity of the exhaust products and increasing their flammability due to
the presence of hydrogen.

Basically, the control of the flow variables and the geometry of the gas generator control the degree
4 of completion of the second step Of the reaction process for a neat hydrazine fueled gas generator.

This provides the designer a means of controlling the exhaust gas temperature and composition of
the exhaust products. Equations (1) and (2) may be combined as follows for calculation purposes:

' 3N2H4 - 4( - X) NH3 + 6XH2 + (2X - 1) N2 + 1144,300 - X(79,200)J Btu (3)

where X fraction of N13 dissociated.

Forthe fuel mies of interest., equation (3) may be modified to account for the addition of water
and/or hydrazine nitrate, and all of the properties of the resultant exhaust gas may be determined

afor meanin*ful range of ammonia dissociation (X) over a fuel supply temperature of -65 to
S,600F, Table 2 summarizes the thermochemical characterization of the candidate fuel mixes for
. tudy, Table 3 out Marizes the. exhaust gas composition of the candidate propellant blends as a

," • ~ ction of ammonia dissociation.
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Table 3

EXHAUST GAS COMPOSITION OF CANDIDATE PROPELLANT BLENDS

Ammonia Exhaust Gas Co"mposition, % by Volume
Propelant Dissociation

lnd% Nitrogen Ammonia Hydrogen Water

TSF- 1 40 23.7 24 24 28.3ii60 25.7 14.8 33.3 26.2

TSF-2 40 24.4 23.4 23.3 28.9
60 20.2 14.4 32.4 26.9

TSF-3 0 13.3 53.2 0 33.4
20 16.8 38.5 14.4 30.2

Tests conducted by RRC on water/hydrazine mixtures indicate that no ammonia dissociation is
obtained below 1,0000 17 exhaust gas, temperature. For the water/ hyd razin e blend, ammonia

Sdissociation values of zero to 20 percent are expected. For the nitrated propellant blends, tests on4/other RRC programs have indicated ammonia dissociation values of 40 to 60%. are to be expected
with reasonabie bed lengths.

2.2S5 Safety
The general ,safety guidelines for handling hydrazine and hydrazine water blends are well established
and readily available. The safety and handling characteristics of hydrazine/liydrazine nitrate blends
are often questioned. from the following two aspects:

a. Detonability or shock sensitivity since a limit exists on the amount of hydrazine nitrate
which may be added before the propellant does become sensitive

b. Nitrate crystal formation due to inadvertent spillage.

A propellant mixture 24%o hydrazine nitrate and 76% hydrazine has been extensively characterized
for safety and handling characteristics. The following summarizes the resultS of safe-ty tests to which
this ainixture, has been tested:

*.~ ~ ~ ~ ~~~.. .h rp4~t~np e~~~ 4 by shock, friction, or electrical discharg (USBMC

.b. Closed tankS cowtainng: hydrazine blends normally burst without exploding when
ex~poood to bonfire (JrLT 324172.),.

e.' in w'at of 20 itm incendiary muvtonr0.-caliber bullet did not cause explosiorns
(iPt T1032-4172).

1.3



d. Negative results with following JANNAF/ICRPG tests.

(I) Drop weight test
(2) Card gap test
(3) Trauzl block test
"(4) Detonation propagation test

"i (5) Adiabatic compression test

As noted, all of the above safety tests gave negative results, indicating good handling and safety
characteristics of this blend. Addition of water to hydrazine/hydrazine nitrate blends for the

TSF-I and TSF-2 propellants) will improve the handling characteristics since water acts as a diluent.

In conjunction with a previous RRC contract, tests were conducted on the hazard potential
resulting from an undetected spill or propellant residuals in an incompletely emptied tank. The
nimority of the simulated spill tests were conducted with the 24% HN binary mixture, which is
considered more difficult to handle than either TSF-I or TSF-2. Samples of propellant with1* constant surface area were exposed to the atmosphere under varying environmental conditions, and
the propellant was analyzed after repeated time intervals. The data in Figure 5 shows that both

with stagnant air and with air velocity of 50 feet/min, the propellant picked up water from the air
because it is hygroscopic. The composition barely touched the detonable range between 2 and 4
hours after initiation of the test and then moved toward the inert water corner of the ternary
system.
Subsquent tests were conducted in a closed system under closely controlled conditions with

constant relative humidity, The apparatus shown in Figure 6 was used for this test, It consisted of
a constant humidity chamber with a constant humidity solution composed of sulfuric acid and
water. The constant humidity wolution served a dual purpose: first, it maintained a constant relative
humidity of water in the chamber regardless of ambient temperature fluctuation; and, secondly, it
immediately removed all hydrazine vapor from the atmosphere. The test must be regarded as a more
severe test than under actual field conditions because a stationary hydrazine partial pressure above
the solution will delay the rate of evaporation considerably.

As shown in Figure 7, detonable mixtures can form under these conditions of increased severity
"only at humidities below 30%. Even then, it took several days before the curve entered the
detonable range. Under practical conditions, a leak would be detected before this time, and
corrective action could, be taken.

The tests Indicate that for the anhydrous 24% HN mixture, detonable mixtures can be formed
under extremely dry conditions with a high rate of air exchange. However, this is less likely to
happen with the TSF mixtures because these already contain water, and relative humidity in the
vicinity of the propellant will always be high. Curves in Figures 5 and 7 pass through compositions
similar to TSF without dropping back into the detonable range. It is expected that the initial slope
of the curves for 20, 30, 40, or 75% relative humidity will remain the same; just the
starting point would be moved to the right by approximately 20 scale units, making it less likely to
intersect the detonable range with subsequent evaporation. It must also be emphasized that in no
case did the aforementioned evaporation tests with the 24% HN mixture result in the formation of
nitrate crystals. The constituents remained completely soluble at 77OF. It is therefore believed that
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the probability or forming a detonable Compoui nd or nitrate crystals with the rsi--i or TSF-,
propeilants is ext remely remote.

2.2.6 Cartridge Starter Perfornance

The p•rformance of the cartridge starter has been a nalyzed (see paragraph 2.4.2) to evaluate ils

operating characteristics when the unit is converted to operate on hydrazine-based fuel.

Starter pertcormance is considered adequate and equal to or better than that obtained wilt] the
existing solid propellant cartridge when operated with any of' the three candidate fuCl mixes. No

modifications will be required to the turbine portion of the cartridge starter for operation with funel
mixes TSF-l, TSF-2, or TSF-3.

Since TSF-2 has the highest energy density of the three candidate fuel mixes, this mix Would be the
preferred mix from a gross turbine performance viewpoint. TSF-l and TSF-3 would be ranked as
second and third candidates in that order.

2.2.7 Baseline Fuel Selection

As discussed in paragraph 3.4.2, the TSF-2 fuel blend was finally selected as the baseline fuel for the
starter application. Fuel consumption measurements during starter performance testing in the
hydrazine mode indicated that the TSF-2 fuel blend was the only candidate fuel that could be

packaged in the space available in the breech storage volume that would duplicate the energy
available in the solid propellant cartridge at -65 0 F ambient temperature operating conditions.

2.2.8 Preparation of the Ternary Fuel Mix

There are two fundamental techniques available for blending the ternary TSF-I and TSF-2 fuel
mixes. One method consists of adding water to anhydrous hydrazine followed by the addition of
granular industrial grade ammonium nitrate (NH4NO3). The second method involves diluting nitric
acid (NHO3) with water and adding the resultant solution to anhydrous hydrazine. Both techniques
were evaluated during the Phase I1 po-tion of the program as discussed below.

2.2.8.1 Ammonium Nitrate Method

The composition of the TSF-l fuel mix is (N2H4 + 0.118 N2H5NO3 + 0.563 H20). When the fuel
mix is prepared by the ammonium nitrate method, the mixing reaction is as follows:

heat of hydration Aammonia gas

Hydrazine + water ft + ammonium nitrate a

or q uantatively:

1.118 N2 H4 + 0.118 NH 4 NO 3 + 0.563 H20

(N 2 H4 + 0.118 N2H5NO3 + 0.563 H20)TSF.I + 0.1 18 NH 3 t

18



Thus. with tile proper quan t ities of hydrazine. water, and a1minon i nil nilralc, Ihe TSI'-1 fuel mix

can be prepared: but the fuel will contain up to 3.6 percent (hy weight ) of anmmonia. This ainotin

of aiilnioria is considered excessive and must he removed by fa rilher futel processing.

Figure 8 depicts the sparging apparatus that was used by RRC to reduce the anmnionia content of

the TSF-I fuel mix to less than 0.4 percent (current limit in anhydrous hydrazine). The f'uel was

sparged with low pressure gaseous nitrogen for approximately 48 houLrs in a 5 5-gallon drum using a

glass "tree" to disperse the nitrogen bubbles over a relatively large surface area. After this initial

sparging period, fuel sampling and analysis indicated an ammonia content in excess of 1 percent.

A vacuum pump was attached to the vent line, and the sparging process was repeated at a pressure

in the drum on the order of I psia for 24 hours. Little, if any, reduction in the amount of ammonia

content was noted.

The fuel bunker where the sparging was conducted was not heated, and the ambient temperature

was in the 35 to 40°F range. The sparging drum was subsequently heated to 70°F, and the

vacuum/sparging operation was continued for 10 days with incremental fuel sampling and analysis.

The final ammonia content at the conclusion of the 10-day sparge period was 0.35 percent.

2.2.8.2 Nitric Acid Method

When the TSF-2 fuel mix was prepared for the Phase 11 test program, the nitric acid method was

used to avoid the time consuming sparging operation discussed above.

The composition of the TSF-2 fuel mix is (N2H4 + 0.145 N2H5NO3 + 0.521 H20). When the ftuel

mix is prepared by the nitric acid-method, the mixing reaction is as follows:

heat add mix to heat

Water + acid t hydrazine t

or quantatively:

1.145 N2 H4 + 0:145 NH') + 0.521

(N2H4 + 0.145 N2 H5N0 3 + 0.521 H20)TSF2

As noted, the fuel composition by the nitric acid technique is acceptable as mixed. The single

constraint in adapting this mixing procedure is the limited allowable rate of adding the diluted acid

mix to the anhydrous hydrazine. The dilute acid mix must be added slowly to allow the heat of

reaction to dissipate in a safe manner.

2.2.9 Physical'Properties. of the TSF-l Fuel Mix

Although not contractually required, RRC conducted a limited physical properties evaluation of the

TSF-l fuel mix to determine the freezing point, low temperature viscosity, and low temperature
density characteristics of the fuel blend.
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2.2.9.1 Freezing Point

The TSF-l fuel mix froze at -95 0 F -t and mielted, on rehecating, at -850F, providing adequate margin
below the required -65OF operating extreme~ for the starter.

2.2.9.2 Viscosity
The viscosity of the, TSF-1 fuel mix was mleauired by the ASTM D445 method using
Canno~n-Fenske capillary, tubes over a temperature range that varied fromn -85 to +800FP. The test
results are shown in Figu~re 9.

2.2.9.3 Density

TSF41 fuel density was, nie~tsured ýby the ASTK-D-941-5S miethod using a Lipkin bicapillary
k, ~ pycnionieter. over a temperature range that varied from -85 to +77 0 F. The test results are shown in

Figure. 10.

2.3 GAS GENERATOR SELEC~rIQN

2.3.1 'Decomposition Techniques

In broad termis,rt.hv decomposition of hydrazine may beo carrie out by means of two techniques,
thermial or, catalytic.. Early work on hydrazine decompogition- was corried out. in empty chambers in

:which the chamber- walls- were preheated :to. opproximately l,0009F. This, temperature was,

,.wul ocu. Such techniques required, hig4. (I e..., chamber Volume) in order to complete, the
decmpsiio.,As the .application for hyrazine as a roijpopropellant grepw, .catalysits were

deveope, t de'rese he~e~oroostio ties apdrniimirequired chamber :volumnes. Initial
tcatalysts were doveloped whicih were not sporitaneous at ambient temperature, but w~hen heated to
500 to 7009F, ehbtdhigh, catalytic Activity.. Subsequent work resulted, in tbe development by4

'1 ~Shell Development Company of a catalyst which would initiate the: decomposition at ambient
temperature. Dvlpmnof this-cataly~t opened up a neObo.dspectrum for the appliqation of
monopropellant hydrazine.

In the past few years many government agencies and industrial firms have concentrated on the
development of thermal dcmoiontechnIques'for hydrazine-ýbdsed monooropellant$. Such
:tcnqe arsl 4.mnm zn as getierator costs and, ýfor high tproduqtion 'tactical
'applications,* cowiresult in 'cost, savings over catalytic des~gn Approa'ches dppending on the size of the
device. The ,en~suing-seutions discuss in-more detail decomposition appr a hes.,

23.11DQltI

Thermal Adcpin tiort "'Of Mohopropollans.s is, occomplisheod 'by, prehoatingitheeo mpsto
chjmb~ tote~p~atuesb~c ~ hedocomposition-tomporatue Ths at sourcw provides

,the miitld decoopiosition afdtehaQssAin the reaction is supplie4` from thc .'xahirmic
4eeQ~nQ~t~on~cti00 Th iiat~< sai: $h by sever41. means -of pro ig. -Which 1nc4 d

i~tsca hatn8trough ~itnec~c~s use of a, sm4l solid prooell.n bh~ tosply
.~iiy ot a~ ok pre~ab~ 8~ i~'of'a cemlal~' ~eativ ol4Serln'~i 4id~or solid

21'
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Iin the thermal bed gas generator, some of tile -heat. fromth t he :at energy liberated by the
exotherrnic decomposition must be used to hout thi inc ingpropllant to its autodecompositlorA

whee te cerg reuird t het tle nco~ngfue1i:vjualodb teablt of the hot gas Land the
thermal bed material to transfer hecat into tile fuel. As 'lhe flo'w rato or 'bed loading Is increased, the

iS'decomposition zone will be established devor In the. bed. If the theriiial capacity of' tile bed is
insufficient to heat the incoming vropell~ntto its autpodcomposition teinperata r.:, t ile decomiposi-
tion zone will steadily move out of the bed g no flo0 ing will oetiar. Thus,.u desirable thermal bed
material should. have moderate heat caPacity ao O't~f conductivity to transfer heat to thle
top of the bed.

Bed materials commonly employed in thtarrnal ýcti reactrs include wire mesh screens, spherical'1balls of stainless Jeel, copper, or ceramic ri.atetiali, and porous matrices of honeycomb ceramic,
fire brick. or foamn metals.. The most ~common techniqtues used. for,.tr-igthra beds are either to

'Iheat it electrically or to use iodine Pentoxide,(1205)O) inl po~wder'form contained at the top of the

The advantages of the thermal bed decomp9sifilon techiliqeicueoetulwrcsaiiyt

run with carbon containing hydrazinc-base# monoppropoliants,. and 1t01rlative ruggedness compared

The major disadvantages of the thermal bed approach incltide larp hme 1re eesr o

2.3.1.2 Catalytic Deeomposition.

Catalysts for the decomposition of hydtuzine fail into two classog- thoic which are tpontaneous and

initiate decomposition at ambient temperature, and those which must be preheated to varying

temperaturesbefore they exhibit sufficient catalytic activity to'sustain decomposition,
Catalysts which'will not initialte decomposition at ambient temperature typically have to be heated
to 500. to 7000F..before, sufficient activity Is obtained- to sustain decomposition. These catalysts are
typically one or toorders of magnitude less costly ,than Shell45ctls.R~e tsac
Corporation and bother opz~l~atlws :4ve dew~oe se~ a~ssWl4M1tall In this category.

S*Star~ting is typidalWy -btgind by prchwitmi'' the bed4-lectriCally..or with a soid propellant or by
coating the catalyxt with 4, solidoxidixer.

Shell 405 catys reret the bes atalyst available to Initiate hydrazine .decomposition at

ambien teprtrs h aaythsbe horouge v. characterized and developed within the
Indtstry. Other catalysts have been developed by Shell, RRC, and others which will initiate



232Selection of Decomposition Techniques

The prtvious sections. have discussed three techniquecs for hydrazine decomposition. These
technlques are:

a. Theruatl. bed
b. Al spontaneous catalytic beds

~. Nbnspontanbous catalytic beds

'The above. thtpe, techniiques were numerically evaluated for use in the jet engine starter program
againO.,qt gtizra which) iImoortant for thi. ?ppication. The results of this analysis are shown in

Table- 4. It is seen that the sportane~ous catalytic approach fur decomposition rates is markedly

withoitq oth~r heat sourops, its small envelope and packaging flexibility, its lack of refurbishment
requirements betwqp starts, "and its ability to very effectively decompose hydrazine/water

"P~ropellant migoits

Table 4
* 7:,')EVALUATION OF DECOMPOSITION TECHNIQUES

- -

Weihtig heral Nonspontaneous Spontaneous
*Catalyst Catalyst

iair uaBed Bed
Volumie 20 10 i5 20

Sttaaiiy20 . 10 -15 20

Capability of runnfing
with N2fJ4/H-20/N2HSNO3 15, 7 10 15
propellant m~ixtures

Iintial cost 15 15 12 10

Itefucbi~bmnt4cost-per start 1588 15

.144t tqurbish ntnot tt 10 10 8 6

#k*k*gn1 flexibility t0 6 8 10

Ioa ts 76 83 :103

""M2



2.3.3 Catalyst Selection
Catalysts other tl,an Shell 405 are available for the decomposition of hydrazine-based propellants,

Other catalysts available in the industry are shown in Table 5. These catalysts have been evaluated
for use in the jet engine starter gas generator.

Shell 405 is the catalyst which is currently used in all major space programs involving
monopropellant hydrazine thrusters. It is the only spontaneous catalyst which has flight experience
and has been extensively characterized and developed for monopropellant applications. Tile catalyst
uses iridium metal deposited on a Reynolds alumina (RA-l) alumina substrate. Because of the high
cost of iridium metals and the processing costs, the catalyst is relatively expensive. It should be
remembered, however, that for the jet engine starter, the catalyst can be reclaimed after use so that
its effective cost is substantially reduced.

The aforementioned catalysts have been evaluated quantitatively for application for the jet engine
starter program. This evaluation, presented in Table 6, considered spontaneity, strength,
susceptibility to oxidation and atmospheric contamination, cost, availability, catalyst stability,
packaging flexibility within the thrust chamber, refurbishment costs, vibrational load capability,
and catalyst life in terms of total burn time and number of starts capability. Based upon these

4. .considerations, the study indicates that the mixed catalyst bed approach represents the optimurim
approach for the jet engine starter gas generator. It satisfies all performance constraints while still
providing an overall bed of high activity in a cost-effective manner. The selected catalyst bed is one
containing Shell 405 in the inner bed next to the injector and LCH-202 in the remainder of tie bed.

2.3.4 Gas Generator Packaging

Two packaging approaches are used at RRC in gas generator design. These two design approaches
shown schematically in Figure I I consist of axial flow and radial flow techniques. The axial flow
packaging technique is normally employed in the lower thrust level regimes (i.e,, less than 50- to
I 00-lbf thrust level), and radial flow geometries are employed above this level.

The radial flow geometry was initially selected for the Phase I flight concept design configuration as
shown in RRC drawing SK 558S (Figure 12, paragraph 2.4). However, detailed analysis during
Phase 11 prototype gas generator design activities indicated that the space available for packaging the
gas generator in the starter breech base resulted in unforeseen complexity in the design of the
catalyst bed containment structure to accommodate thermal growth of the catalyst during
generator operation.

A review of the alternates available resulted in the final design approach that utilizes eight small
axial flow gas generator elements arranged in parallel, as shown in Figure 43 of paragraph 3.4

2.4 -FLIGHT CONCEPT.

The design of the Phase I flight concept version of the hydrazine-fueled starter is discussed below.
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Table 5
GENERAL CHARACTERISTICS OF CANDIDATE

JET ENGINE STARTER CATALYSTS

CataystCoa pe Ibm SpotanityRelative
Activity

Shell 405 $4,000 Spontaneous High
at ambient

tempetature
or below

Shell X-B $300 Low at ambient Low
temperature

sheirXIC $600 Spontaneous Med
at ambient

temperature

ShellX-$ $600 Spontaneous Med/High
at ambient

temperature

* I Sha'experimental '4S500 Spontaneous High
at ambient

Pt temperature
ESSO 5,00 -$300 Spontaneous High

at ambient

temperature

Pioneer In range Low at Low
of Shull at ambient

Xasriestemperature

E~LISow Nonspontaneous Low
at, ambient

V $45 Norivbellantous
~-77
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GAS GENERATOR CATALYST BED PACKAGING APPROACHES

HEAD END INJECTION

ý----CATALYST
____ RED

RADIAL OUTFLOW

ý-CATALYST
- - -BED



2.4.1 Preliminary Design - Flight Concept Hydrazine Starter

The preliminary design of the flight concept hydrazine starter is shown in RRC drawing SK 5585
(Figure 1 2). Major system components include:

a. The main gas generator

b. A 18 1-in. 3 fuel cartridge

c. A hydrazine-fueled pressurization subsystem that is used to pressurize the fuel cartridge
and expel the fuel during starter operation.

In this system concept, the gas generator would be permanently installed in the breech base of the
starter. The fuel cartridge and the pressurization subsystem would fit in the removable breech cap.
The fuel cartridge would be expendable and replaced after each start cycle. The pressurization
subsystem would be partially expendable requiring the replacement of a fuel/pressurant/explosive
valve module after each start cycle.

The main gas generator was assumed to be capable of operating through a minimum of 400 full
power starter operating cycles without maintenance. The gas generator was a radial flow device
using Shell 405 spontaneous catalyst in the inner bed and LCH-202 catalyst in the outer bed. Fuel
from the fuel cartridge weuld be inijected uniformly over the innermost porous surface of the inner
bed catalyst retainer, and the hot gas would exit uniformly and radially through a partially open
outer catalyst bed retention cylinder. The breech base would function as the pressure vessel to
contain the hydrazine exhaust gas. The turbine hot gas nozzles in the starter would provide the
necessary flow limiting control.

The fuel cartridge would contain 181-in.3 of a hydrazine-based fuel mix designated as TSF-I
(turbine starter fuel-I). It was estimated that this quantity of fuel would be sufficient to duplicate
the energy content of the MXU4A/A solid propellant fuel cartridge. The fuel would be contained in
a elastomeric bladder, and the bladder would be packaged in a lightweight plastic shell for
protection during handling, The fuel cartridge would interface with the fuel inlet stem on the main
gas generator through an O-ring sealed fitting, The interface fitting on the fuel cartridge would
include a burst disc for fuel retention during handling and storage. The burst disc would rupture
during breech pressurization ailowing fuel flow to the main gas generator. Fuel containment with
the bladder would assure that the starter would operate in any attitude.

The pressurization subsystem is shown schematically in Figure 13. A total of 8.8 cubic inches of
high pressure nitrogen gas is contained in a coiled tube bundle and retained by a normally closed
explosive valve that interfaces physically with the electrical connector In the breech cap that is
normally used to fire the squib in the solid propellant cartridge. When the starter is operated, the
explosive valve is fired, releasing the high pressure nitrogen through a pressure regulator where it is
then used to pressurize and expel II cubic inches of the hydrazine-based TSF-I fuel mixture
through a small catalytic reactor. The fuel mix is also stored in a coiled tube bundle; this technique
will assure that the pressurization subsystem will operate in any physical attitude. The .
pressure-regulated exhaust products from the small catalytic pressurization reactor pressurize the
breech, expelling the fuel from the fuel cartridge into the main gas generator.
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olý ilBREECH PRESSURIZATION CONCEPT

24 vdc START POWE R
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When tile fuel supply in the fuel cartridge is depleted, the fuel cartridge to gas generator interface
fitting is designed to shuttle and allow the breech pressurant to vent through the main gas generator
allowing post-starter operation access 1o the breech area for the replacement of expendables.

. 2.4.2 Predicted Operating Characteristics of the Hydrazine-Fueled Starter

Considerable insight into the energy available for cartridge starter operation was obtained by
reviewing the military specification for the MXU4A/A solid propellant cartridge (MIL-C-27505B)

P and a literature survey of papers published by propellant suppliers. The military specificationV't established operating pressure limits, minimum pressure time integrals, and burn timne requirements

for the solid propellant cartridge. The literature review defined typical solid propellant exhaust gas
properties including theoretical gas temperature, molecular weight, composition and 7 (the ratio of

S~Cp/Cv).

This information was used in conjunction with the generalized equations available for impulse
turbine performance analysis and the known thermochemical performance characteristics for the
hydrazine-based fuel blends selected for the starter program to establish the operating pressure run
time and quantities of expendables required for the flight concept preliminary design.

The results of the analysis are summarized in Figure 14 for soak temperatures of -65, ambient,
and +160 0 F. The quantities of expendables shown will theoretically provide hydrazine-fueled
starter operation equivalent to that obtained with the MXU4A/A solid propellant cartridge.

2.5 PHASE ii PROGRAM/TEST PLAN

The Phase it program plan is summarized in Figure 15. The plan included five distinct tasks as
follows.

The initial task involved the design and fabrication of the prototype flight concept gas generator
followed by component level. testing of the unit, in conjunction with the breadboard fuel supply
system, to verify the adequacy of the gas generator operating characteristics at -65, ambient, and
+ 160OF operating conditions.

Task I1 included the installation of the univers' starter test stand and the conduct of multiple
starter test firings in the ."cartridge mode," at -65, ambient, and +160OF soak conditions to
determine the performance gharacteristics of the cartridge starter.

The prototype flight concept gas generator would •:then be ad#pted to the cartridge starter, and thestarter:perf'ormane, wotild.-bo moniftordd urini Ta* t ii he~peddrfOiinarce of the'hydrazine-fueled

strter would be compared to bthe "Cartridge mode" results of Task 11, verifying the adequacy of the
hydrazine .tarter concePt and e0tlishing fuel. consumption per start cycle requirem-nts at -65,
ambient, atd +1600P operating eo6ditions. .Tak III testing would then continue until a minimum
of 20 full power storter operat~i cycles h'ad been accumulated to demonstrate a limited life
capabilit of at least 20 Starts on the proto.'pe flight concept gas generator.'
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Lj PHASE I PRELIMINARY SYSTEM SIZING ANALYSIS SUMMARY

8.8 in.3  N2

.65 Ambient +160

3,000 psia 4,780 psia 5,850 psia
1,200 psia .1,690 psia 1,950 psla

TSF- 1 -_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

11 in. 3 - FUEL 115.1 i
0.364 b ,3Pi

1,030 psia 1,030 psia 1,030 psia
x t06x -0.6 x,=0,6

1,801PR 2,0360R3 2,1440R
ob0.222 ~ 0,02120.7

TSF 1 FUELK ~ ~~~~181 "1l.3-7-bl/e bscl/e

3 939 psia

2,05.011 22270A2,331 PA

I~s Pia 18 psia. 18psia
11Ol .41 1,0960

-'Rutn Tlyme 'Rin Timp '14n Time
so4 6sec 15.9s 1gsec

IQ0.4 34 Fogu 14
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During Task IV, component level testing would be conducted to evaluate the basic adequacy of the
flight concept pressurization subsystem and the fuel cartridge. Funding limitations would limit

these tests to pressurizing reactor performance characterization using the breadboard fuel supply
system in place of the flight concept coiled tube bundle fuel supply, and fuel expulsion tests using a
representative elastomeric bladder and cold nitrogen gas to expel water from a test device to verify
acceptable fuel expulsion efficiency with the proposed fuel cartridge system geometry,

The hydrazine-fueled starter would be operated-in conunction with the breadboard fuel supply
system during a formal demonstration as Task V. The contracting agency and other interested user
organizations would witness this demonstration, which would be combined with a formal
presentation of the Phase I/Phase II program results.
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SECTION 111
PHASE 11 - EXPERIMENTAL TESTING AND DEVELOPMENT

'I This portion of the report describes the test hardware and the experimental test results associated
with the feasibility demonstration of the hydrazine fueled starter concept.

3.1 BREADBOARD FUEL SUPPLY SYSTEM
The hydrazlne~ueled starter feasibility test program did not require the design and fabrication of
the complete "in-breech" hydrazine fueled gas generating system. A prototype, flight Concept gas
generator was fabricated and installed in the breech basc of the starter, but the flight concept type
fuel cartridge and its pressurization subsystem were not fabricated due to the feasibility nature of
the program. Fuel supply to the storter was acconmplished with a laboratory type, pressure-regulated
breadboard fuel supply system with a capacity of 2-1/2 galloos,

The brceaboard fuel supply systom is shown schematically in Figure 16. The system consists of a
2-1/2 gallon fuel tank. control valves, flowmcters, and instrumentation to monitor fuel pressure and
fuel temperature. The breadboard fuel supply system was mounted in a 25-ft3 environmental test
chamber to allow temperature conditioning of the fuel suppliy, prior to starter operation.

A sightglass was installed in parallel with the 2-1/2-gallon fuel tank. The calibrated sightglass was
used to monitor the total quantity of fuel consumed per start cycle by recording thc pretest and
post-test liquid levels in the unpressurized tankt. Instantaneous fuel rates wert- -nnitored with two
turbine type flowmeters.

The breadboard fuel supply system was pressurized with high pressure gaseous nitrogen through a
dome4oaded pressure regulator.

3. 1.1 PfessurizatIon Ramp Generator

Figure 1 7 depicts the fuel pressure venius time characteristics of the flight concept hydrazine
starter. At time zero, the pressurizaht on subsystemn would be initiated, and the breech pressure
would increas to the valve ftjD Whkph would rupture the fuel containment burst disc in the fuel
cartridige allowing initilel fupl fldW to. tht maui gas generator. The breech pressuie and the pressure
of the 'fuel 24pplie -to the*44f joi g~s cnetor would continue to increase to tkhe .equilibrium value

dufjngthe tie int,60Igl dtad r Fiu 1aste strzioti.

'>Tho fuel outlet Ibw'stisc 4u turepressure. ft ) the astiad'y-state operating pressure level (Pop),
and.tepuulalntm n~~1ii dyte d'sn1 Varlables that can be varied consistent with

* ~~~ the ;po~fotpane rwqu retrieg o tiah**
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The breadboard fuel system utilized a pressurization ramp generator to simulate burst disc rupture
and pressurization rate control in a meaningful manner. This fystcni functions as follows:

a. Prior to firing the gas generator, the dome loading regulator was set to a predetermined
pressure PBD. typically in thle 20- to 100-psig range. EV-I was opened andl the 2-1/2
gallon tank pressurized to the PBD value.

b. EV-l was then closed., and the dome loading regulator was then set to thle dlesired

C. Th a eeaorwste ie by simultaneouslyopen:ingthe mainpropellant control
vale E-2and tepressurization control valve EV-l. The time required to pressurize the

prsuePop could be varied (and controlled by presetting the throttle valve in theI pressurization ramp generator which in effect controlled the time required to charge thle
300-nil cylin~der in the ramp generator, providing a controlled pro-ssure versus time input
to thle dome-loakld regulator which in turn was used to establish the pressure in the 2-1/2-

Fgrs18 and 19 are photographs of the breadboard fuel supply system and the 25-ft3

environmental chaitiber.

3.2 SLJBSCALE TESTING
Initial- Phase 11 testing was conducte~d with a spb,%ale gas generator as discussed in the following
subsections. The primary objectivo. of the subscale gas generator test programn was to verify the
-adequacy of. tile proposed design prior to committing to the tbbrl,"-on of the flight concept (8-

Test objectives included verification that:

a. The catalyst bed des Ii -was. 4dequate.

I. Proper bed length
2. Proper bed loading

3. Mixed catalyst bed approach viable
b, Reliable ignition could be obtained at -650 F soak, conditions.

4 c. Gas generator operation was stable and acceptable with candidate ternary fuel blonds.
d4. Gas generator was capable of successl.-ully meeting the 20 full power starter operjtting

* ' ~cycle limiiteid lWe requirement witjiout ipefurbishment.

3.2.1 Subscale Gas Gn'xator
Figure 20 is a photograph of the eight-cup prototype flight concept gas generator assembly wh Iich

* ~~<.was taken after the. major components were oveli brazed but prior to final assembly and catalyst
~*~y':~loading. The flight concept gas generator is an aisembly of eight small gas generating elements

(cups) arraned In parallel and fed from a como, entrally located fuel supply manifold.
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Prior to committing to the fabrication of the eight-cup prototype flight concept gas generator, an
extensive test program was conducted with a subscale gps generator which consisted of one cup,
similar in geometry to those proposed for the flight concept unit.

Subscale testing with the single-cup gas generating element allowed rapid and cost-effective design
modifications, reduced the quantity of fuel required to evaluate the operating characteristics, and
resulted in meaningful and reliable test results that were not subjected to scaling effects.

Figure 21 is a sketch of' the subscale gas generator that was utilized to evaluate the adequacy of the

proposed cup type gas generating elements for the flight concept gas generator. The major features / .
of the subscale gas generator are as follows. /

3.2.1.1 SingleCup Gas Generating Element

The cup assembly includes the cup, fuel injector, catalyst, bed screen, bedplate, and the bedplate
retainer. The geometry of the single-cup gas generating element was identical to that proposed for
the flight concept gas generator application with two minor exceptions:

a, The overall length of the cup was slightly longer. The cup length downstream of the
bedplate was extended slightly to accommodate multiple rework operations that would
be required if the catalyst bed composition or catalyst bed geometry had to be changed

•., during the subscale evaluation: testing,

b. The fuel inlet on the subscale cup was located on the axis of symmetry of the cup for
convenienpe of~adapting,a fuel control valve to the subseale gas generator.

The flight concept gaa generating elements (cups) have their fuel inlet fittings located at
right angles to the axis of symmetry, to the cup.

The cup, fuel injector, bedplatu, and bedplate retaining ring were fabricated from 347 stainless steel.
The injector was oven brazed to the cup with Palniro I braze metal. After loading a predeteimined
quantity of catalyst into the cup, the bedplate. was installed and held in place by the bedplate
retaining ring., The retaining ring to cup joint was then sealed by a continuous melt-down TIG weld.

For the initial subscale gaa generator test serier, the catalyst b.-d consisted of 6.0 grams of 25- to
30-mesh granular Shell 405 spontaneous catalyst loaded into that portion of the catalyst bed
immediately adjacent to the injector. Additionally, approximately 8.0 grams of a 14- to 18-mesh
nottspontaneous catalyst designated as LCH-202 were l.aded into the downstream portion of the
catalyst bved. T!I6 405 and LCH-202.catalysts were isolated fromi each other by means of a 50-mesh
screen gabricated from Haynes 25. material, In th.i final version of. the subscale gas generator, the
entir4 catalyst bcd Was fpltod with Shell 405 spontaneous catalyst and the intermediate bed screen
was eliminated.

It should be,,ioted that the gas generating cup element is not designed to support the total operating
pressure differential (Pgas - Patmospherm). The starter breech acts Ps the structural element that
carries the total operating pressure differential. The individual single cup gas generating elements
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need only have sufficient strength to support tile catalyst bed/bedplate pressure drop and transient
type starting loads that may occur during the in;tial flow of' fuel into the catalyst bed prior to the
initial pressurization of the bMeech base void volume.

3.2.1.2 Subscale Gas Generator Pressure Vessel
"The single-cup gas generating element was contained within a pressure vessel as shown in Figure 21.
The internal void volume of the pressure vessel was equivalent to 1/8 of the void volume in the
starter breech with the flight concept gas generator assembly installed.

The products of decomposition of the hydrazine-based fuel mix left the generator through an AN
type fitting at the downstream end. The single-cup gas generating element was backpressured by a
0.1-inch-diameter converging orifice located in the exhaust fitting. Provisions were provided for

monitoring the exhaust gas temperature (Tc) and pressure (Pc) immediately upstream of the
0.l-inch-diameter throat restriction. The single-cup gas generating element was welded to the aft
closure to facilitate cup removal from the pressure vessel. The aft closure was adapted to the
pressure vessel by a screw thread joint which was sealed with an asbestos filled copper crush ring.

A cylindrical heat shield 0.015/0.020 inch thick was installed between the cup and the inner bore of
the pressure vessel to reduce the heat loss from the cup and to reduce the heating of the pressure
vessel wall.

3.2.1.3 Photographs of the Subscale Gas Generator

Figures 22 through 24 are photographs of the subscale gas generator assembly.

Figure 22 shows the complete assembly. The thermocouple plug shown with the coiled wire is the
thermocouple that was used to motaitor the temperature of the fuel injector stem. The capped AN
fitting centered on the cylindrical portion of the pressure vessel was not used,

The downstream flange on the pressure vessel is drilled for mounting the assembly to the test

fixture. The fuel injector interfaces with the propellant (control) valve through the O-ring sealed
stem.

Figure 23 shows the major elements of the subscale gas generator. Left to right are the pressure
vessel, cylindrical heat shieid, copper crush gasket, and the assembly of the single.•up gas generating
element and the aft closure.

Figure 24 shows the single-cup/aft closure assembly as removed from the subscale gas generator and
the component partsof the single-cup gas generating element. Left to right are the bedplate
retaining ring, bedplate, .bed screen and catalyst, injector screen, cup, and the as-fired single-cup/aft
closure assembly.

Twelve slots were machined through the bedplate. The slots provide adequate flow area for the hot
gas generated in the catlayst bed. The width of the slots is such that the catalyst granules cannot
pass through the slots.

46
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0 3.2,2 Subscale Gas Generator Test Results

The subscale gas generator was installed in the 25-ft3 environmental test chamber in conjunction
~ with the breadboard fuel supply subsystem as shown in the photograph of Figure 25. ThisI•J• arrangement allowed simultaneous temperature conditioning of the fuel supply and the gas

generator prior to firing the subscale gas generator.

Figure 26 is.a sketch of the test installation. The subscale gas generator was oriented with the
exhaust nozzle pointed vertically up to simulate the "as installed" attitude of the flight concept gps
generator in the breech base of the STUI3/A34 cartridge starter. The subscale gas generator and the
"breadboard fuel supply system were instrumented as shown in Figure 26.

The basic subscale gas generator test procedure used throughout this test series was a:i follows:

a. With the gas generator installed per Figures 25 and 26, the required soak temperature
was established in the environmental test chamber. If the required soak temperature was
other than "local ambient," the temperature of the breadboard fuel supply tank (TTK)A and the temperature of the subscale gas generator pressure vessel (Tw) were monitored
continuously. When TTK and Tw stabilized at the required soak temperature, the system
was maintained at the required soak temperature for a minimum of 2 hours prior to
firing.

"b. At the conclusion of the temperature soak period (if applicable), the fuel tank was
pressurized to the desired start pressure (typically 20 to 100 psig), and the dome loading
regulator in the pressurization ramp generator was adjusted to the required run pressure
(nominally 1,035 psia).

cA The instrumentation recorders were started, and the subscale gas generator was fired by
Ssimultaneously opening the propellant, valve (EV2) and the solenoid valve EV! in the

pressurization ramp generator.
NOTE: The read-er should refer to paragraph 3.1 which discusses the breadboard fuel supply

subsystem aknd the pressurization ramp generator to review the "start" sequence.

d. The subscale gas generator firing continued for a nominally I15-second period.

e . At the conclusion of the 1-5-second burn, the propellant valve (EV2) was shut and the

breadboard fuel supply tank was vented.

3.2.231 Instrumentation

All temperatures and pressures were monitored with chromel-alumel thermocouples and temper-
ature compensated strain gaugeltypt' transducers respectively. The output from these devices were
continuously recorded on strip chart and/or oscillograph recorders as summarized in Table 7.

3.2.2.2 Test Objectives
The basic test objective of the subscale gas generator test series was to determine the adequacy of
the proposed flight concept gas generating element when operated in conjunction with the mixed
hydrazine-based fuel (TSF-1) over an ambient temperature range of-65 to +160 0 F. Further, the gas

50

9,.



11102-22'1822-5 51Figum 25



IL I-

C A

LL
:E0

Co -W U-

zw I

uiII IA

24002-22 52Fl"ur.2



Table 7
SUBSCALE GAS GENERATOR INSTRUMENTATION

Record on
ItSymbol Paramieter RangeSti, O iforh

Chart

PC C'hamber pressure 0 to I ,500 psig X X
Tc Chamber temperatutre. 0 to 2,2 50oF X

Iw Wall temperature 0 to 900o'P X

Tj Ijctr titepeitr0to45Finjector pressure O to 1,500 psig x
TTK Fuel tank temperatr -65 to + 1 60OF X
PTK Fuel tank Pressure 0 to 1,500 psig X
Pf Fuel p~ressure 0 to 1,500 psig X X
Tf Fuel temperature -65 to + 1 600V X

Wf Fuel flow rate 0 to 0. 1 Ibm11/sec X
To Environimental temperature -65 to + 1 60oF, X

3.2.2.3 Flight Concept Gas Generating Element -- As Proposed
The "as proposed" version of the flight concept gas generating element utilized a mnixed catalyst bed

5 ~geometry previously described. The upper catalyst bed was loaded with approximately 6 grams of
25- to 30-mesh Shell 405 spontaneous catalyst. The lower bed was loaded withi approximately 8
grams of a nonspontaneous catalyst LCII-202 man ufactutred by RfRC. Vic mixed catalyst bed
technique was proposed to reduce the cost of the catalyst ini the gas generating elemenits.

* 3.2.2.4 Test Results

A series of 39 subseale gas genetatqor test firings were conducte~d to achieve the required gas
j~eeiaingelemnent performance and demonstrate the limited lifecabityothctlsteTe

test results are discussed below,.okcniin ihte"spooe"mxdctls e

Subscale testing was initiated at ambientsokcniinwihte"sproed ix aaltbd
gas generating element. Five test firings were c-onducted at amibient soak conditions to monitor gas
generatOr operating characteristics such as, chamber pressure level and stability, ignition character-
istlics, gas: temperature and the overall performance of the breadboard -fuel supply system, and the
tes~t instrumentat ion, -and control subsystems.
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The low temperature ignition characteristics of the mixed catalyst bed reactor were then evaluated
by conducting multiple start attempts at 0°F soak conditions. These tests were not successful. The
mixed catalyst bed design would not support ignition at 0OF. A review of the test data resulted in

ithe conclusion that thle catalyst bed was insufficiently active to suppoit the iow temperature
ignition requirement,

The baseline gas generating element catalyst bed composition was changed to all Shell 405 catalyst
(25 to 30 mesh); the LCH-202 cataly was replaced with Shell 405 catalyst.

Subsequent testing of the all Shell 405 catalyst bed geometry resulted in successful ignitions at the
required -650 F soak conditions.

Subscale testing was then conducted at +160°F soak conditions with successful results, and the
subscale gas generator test program was then concluded by accumulating over 20 test firings on the
same catalyst bed to demonstrate the contractual requirement of a limited life capability of at least
20 full power starter operating cycles.

3.3 BASELINE STARTER TESTING - CARTRIDGE MODE

In order to determine the baseline starter performance characteristics for subsequent comparison
"with hydrazine operation, a series of firing tests were conducted with the starter operated by a solid
propellant cartridge, To sufficiently map the performance characteristics of the starter, a series of
eight "cartridge mode"% starter firings were conducted over an operational temperature range that
varied from -65 to +160 0 F. These firing tests determined the starter output speed versus time
characteristics (for a given load), as a function of ambient soak temperature.

The contracting agency supplied two different model cartridge starters for possible use in the test
program. Both starters were of the cartridge-pneumatic type. One starter was manufactured by
Garret, Model No. STU15/A34. The other starter, Model STU13/A34, manufactured by
Suidstrand.

The Sundstrand starter was selected for the hydrazine starter feasibility test program because of its
aerodynamic braking feature which would prevent overspeed starter damage in the event of any
unforeseen loss of control in the breadboard fuel supply system during hydrazine mode starter
testing. This starter, S/N 650, had been overhauled and released as serviceable by ALC/San Antonio
on July 14, 1975. This starter utilized a standard 8-pound solid propellant cartridge of the MXU4/A
or MXU4A/A designation for cartridge mode operation.

3.3.1 Starter Test Stand

Starter output speed versus time operating characteristics were monitored with a government-
furnished universal starter test stand, P/N 53E36-44D, Federal Stock No. 4920-803-7035,
manufactured by Bendix. The test stand is a semiportable, self-contained unit that includes all f

the equipment necessary to test a broad range of fuel-air, cartridge or pneumatic starters.
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Tile primary component of interest in the universal starter test stand is the provision for loading tile
( cartridge starter by means of ani inertial wheel system to simulate a jOt engine starting load. The

effective inertia of the starter load is 13,7 slug ft2 . The inertia whecl is equipped with a tachometer

for monitoring tlyw!heel (starter output shaft) speed.

The technical order for the universal starter test stand (T.O, 3304-6-169-1) contained detailed

instructions for the installation and checkout of the test stand prior to use. Time to terminal speed
curves for various starter configurations were also presented tfr accept/reject criteria for starters to
be tested on the universal starter test stand. The time to terminal speed C:urve for the STU I 3/A34
starter, from the reference T.O., is shown in Figure 27.

For acceptable starter performance, the starter terminal speed must be oil or to the right of the line
shown. Minimum terminal speed was not defined, nor was there any reference to 1he range of
ambient soak temperature allowable, although the allowable operaling temperature range for the
"test stand itself was listed as +40 to + 1300F.

Figure 28 is a photograph of the STUI3/A34 cartridge starter installed on the.appropriite test
pad on the universal starter test stand. It should be noted that this particular starter mounts such
that the cartridge breech is oriented vertically down. The exhaust ductingj'i an a~sem;lbly of'
"accessory" items available for the universal test stand.

Table 8 depicts the testing sequence for the eight shot cartridge mode baseline starter per!'qrmance
test series, Also shown are the applicable RRC test run numbers and the ambient soak tenimerature
of the starter and the solid propellant cartridge prior to firing. The entire eight run series utilized
MXU4A/A cartridges manufactured by Talley in the February, May, or June 1967 time frame.

Table 8

CARTRIDGE MODE TEST SUMMARY

Test RRC Ambient Talley Cartridge
Sequence Run Soak
Number Number Temperature, OF Mfg Date Lot Number

- .... . ..

2 40 +55 6-67 TI-2-128

2 41 +55 6-67 TI-2-128
3 42 +55 "6-67 TI-2-128

4 43 +160 2-67 TI-1-198

5 44 +160 2-67 TI-1-198

6 45 -65 2-67 TI-1-198

7 46 -65 2-67 TI- 1-198

8 47 +55 5-67 TI-2-98
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The test setup for the cýirtridge test firings is shown in Figure 29. The basic test setup inclUded the
startear, the universal stadter test stand, and a 25-ft3 enviioimen tal chamber that was utilized to

• •• temperature condition the starter and its solid propellant cartridge prior to testing i't the -65 and
j . + 160OF test conditions.

The starter was instrumented as shown in Figure 29. Two pressures were measured with
temperature compensated .train gauge type transducers, the breech pressure Pc, and the exhaust
duct pressure Pex. Five temperatures werc monitored with chromel/alumel thermocouples; the
temperature of the solid propellant gas in tile breech, Tc, the exhaust gas temperature immediately
downstream of the starter exhaust flange Tex, and three external starter skin tempe~ratures Tb, Tw,
"and Tm. Tb is the temperature of the breech base at a point near the rnanifold joint that connects
the breech to the turbine hot gas nozzles, Tw is the temperature of the cartridge breech cap, and
Tm is the temperature of the starter manifold immediately adjacent to the hot gas nozzle block just
upstream of the turbine wheel.

The universal starter test stand wils equipped with a magnetic pickup on the flywheel for
monitoring flywheel speed. The pulsing signal from the magnet was converted to an analog voltage
output, and a panel meter was available for monitoring flywheel speed. Rocket Research
Corporation recorded the analog signal (N) remotely on a strip chart recorder to obtain permanent
recordings of flywheel speed versus time.

As noted, the operational temperature range for the universal starter test stand was listed i1i the
T.O. as +40 to +130 0 F. Since it was required to operate the cartridge starter at. temperature
extrem6s considerably beyond these limits (iLe., -65 and +I60PF), the tests were conducted by
removing the starter from the universal test stand and temperature conditioning the starter and the
solid propellant cartridge in a remote environmental chamber prior to conductinig the test.

The breech.l cap was removed from the starter. The starter, breech cap, and solid propellant cartridge
were then installed in the environmental chamber. Thermocoupls. were attached to these thr".e
components, and the temperature of the environmental chamber was adjusted to the desired test
level, The component thermocouples were then monitored. The components remained in the

environmeNtal chamber for at least 4 hours subsequent to indicated temperaturz stabilization at the
required soak temperature.

The starter was then removed from the environmental chamber and installed on the test pad of the
universal test stand, This operation involvd moving the starter approximately 6 feet from the
environmental chamber to the test stand, installing a Marmon clamp at the starter/stand mo.unting
pad, installing a Marmon clamp at the starter/exhaust duct joint, attaching the Pc transducet, and
connecting three thermocouple plugs To, Tb, and Tim. This operation took approximately 2 to 3
minutes.

The solid propellant cartridge was then installed in the starte'r breech cap, and the resultant
assembly was removed from tne environmental chamber and installed on the starter breech base.
The ignitor power and breech wall thermocouple (Tw) plugs were connected, and the starter was
operated within the next 60 to 90 seconds,

l58



IU U

UI-

~;i ~ I

IA I
IsCIIUc

Iac

LA 1

24002-X 59 Fgre2



The starter tiurline wheel was cleaned alter each starter operating cycle by blowing a mixture of
compressed air and hot water through the pneumatic air sutpply inlet fitting on the starter, followed

"3. by oven drying.

The effectiveness of this cleaning techniquLie was apparently adequate since the test results of the
eighth starter firing were in excellent agreement with the first starter firing, and both of these tests
were conducted at an ambient soak temperature of+550OF.

3.3.2 Test Results

The\.prinmary starter performance data of interest from the cartridge firings was 'ne terminal speed
of ttc starter output shaft (flywheel speed), the time required to reach terminal speed, and the
mannei: in which these parameters varied with ambient soak temperature. These test results are

plotted i-; Figure 30..

Referring to Figure 363, it is noted that the time to terminal speed increased as the ambient
temperature decreased. This trend and the times involved were consistent with the anticipated test
results.

The trend of increasing terminal speed with decreasing ambient temperature was directly opposite
{ to the anticipated test results.

It is interesting to compare the test results at +55oF(Sequcnces 1, 2, 3,and 8) with the accept/reject
criteria from the universal starter stand T.O., Figure 27. Sequences 1, 2, and 8 are acceptable;

Sequence 3 indicates substandard starter performance.

,j [ Figures 31 through 33 are overlay tracings of the flywheel time/speed and breech pressure versus
time recordings for typical test runs from the "cartridge mode" baseline test series at temperatures

• , "of +55, +160, avd -650F respectively. Each figure also includes the total value of the breech
pressure. time inter:. from ignition to burnout, and the average value of the breech pressure from
ignition to the time to terminal speed.

Figure 34 is an overlay tracing of' the major parameters recorded during test Sequence 2 (run 41 at
ambient soak conditions). Figure 34 shows the relationship between breech pressure (Pc), starter
speed (N), gas temperature in the breech (Tc), tArrbine exhaust gas temperature (Tex), and the
turbine exhaust duct static pressure (Pex) durinL; a typical cartridge mode starter operating

seq uence.

The peak gas temperature (To) tneasured in the cartridge breech during run 41 was 1,8870F; the
maximum gas temperature noted during the eight run test series was 2,2220 F (run 44) at an
ambient soak temperature of +160 0 F.

"Tlle peak exhaust var. temperature (Tex) as measured during run 41 was 9050 F. It is noted that tht,
peak occurs relatively early in the start sequence, then the exhaust gas tei-nperature drops. This

1..
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characteristic iAttributed to increased power extraction from the exhaust gas as the turbine
efficiency increases during the later portion of the flywheel spin-up. The maximum exhaust gas
temperature measured during the eight run test series wars 1,480OF (run 44) at an ambient soak

. temperature of+ 1600F.

rhe static pressure in the exhaust duct (Pex) peaked at 0.72 psig during run 41. The exhaust duct
pressure was typically noted in the 0.7- to 1.0-psig range for all starter tests.

3.3.3 Discussion of Test Results

As noted in the previous section, the maximum flywheel terminal speeds were recorded at -65 0 F
test conditions. A review of the test data reveals no particular correlation between terminal flywheel

speed and either the average value of the breech pressure (Pc) or tile time integral of breech pressure

(fPcdO).

As shown in Figure 35, there is a definite trend toward decreasing average chamber pressure,
terminal flywheel speed, and the pressure time integral when these parameters are nondimension-
alized and plotted against ambient soak temperature. It is concluded that the terminal speed of the
STU.13/A34 starter, as tested, is strongly influenced by the operation of the pressure relief valve
that is located between the starter breech and the starter turbine nozzle block. It appears that this

4 .. valve bypasses ever increasing amounts of breech gas around the turbine nozzle block as the ambient
soak temperature (prior to starter operation) is increased.

Starter operation in the "cartridge-mode" resulted in the formation of a large cloud of black smoke.
Figures 36 and 37 are sequential photographs of the smoke cloud taken approximately 2 seconds
and 10 seconds, respectively, after starter initiation during run 43 (Sequence 3). The exhaust duct is
10 inches in diameter. discharging vertically-up.

After the completion of all scheduled Phase I1 testing, RRC conducted a 12 run "cartridge-mode"
starter firing test series at ambient soak temperature conditions to allow AFRPL personnel to
sample the starter exhaust products for exhaust gas composition analysis.

Specific details of this test series and the results of the exhaust gas analysis are the subject of an
,, Jofficial t.eport prepared and distributed separately by the AFRPL organization,

For the purpose of this report, the 12 run test series provides additional test data on the oparaling
characteristics of the STUI3/A34 starter in the cartridge mode at ambient soak temperature
conditions.

In gross termS, the 12 run AFRPL test series resulted in ambient, temperature "cartridge-mode"
starter performance that was consistent with the results obtained during RRC's previous baseline
sta'ter test series.

It should be noted that the AFRPL test series was conducted with the same cartridge starter that
had been used to accumulate eight baseline "cartridge-mode" firings and 32 hydrazine-fueled starter
operating cycles.
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The cartridges used during the AFRPL tests were as follows:

a. Runs 90 through 93, Olin, Lot OL-10-237, manufactured May 1967
b. Runs 94 through 97, Olin, Lot OL-1 3-46, manufactured September 1973
c. Runs 98 through 101, Talley, Lot TI-2-98, manufactured May 1967

j Typical starter performance with each of the above solid propellant cartridge lots is summarized in
Figures 38 through 40. The Talley cartridges resulted in an average terminal starter speed that
was slightly higher than the Olin cartridge (2,918 versus 3,033 rpm). Additionally, it was noted that
the Talley cartridge produced more smoke in the exhaust than either of the Olin cartridge lots. The
September 1973 lot of Olin cartridges appeared to be the least smoky of the three cartridge lots
fired.

3.4 HYDRAZINE STARTER TESTING

This section describes the flight concept version of the gas generator, its installation into the breech
base of the STUI3/A34 starter, and the test program that was subsequently conducted to
characterize the operation of the hydrazine fueled starter.

3.4.1 Gas Generator Design

Figures 41 through 44 are photographs of the flight conceot type gas generator that was fabricated

for evaluation on the current program.

Figure 44 is a photograph of the flight concept gas generator assembly taken prior to the final
assembly of the unit, The figure shows the "as received" configuration after oven brazing. All braze
joints were made during one oven braze cycle, i.e., the eight individual cups were brazed to the
baseplate, eight penetrating injector tubes were brazed into the eight cups, and the 16 joints on the

eight fuel manifolding tubes were all brazed simultaneously and successfully without special tooling
or fixturing. The material of all component parts was 347 series stainless steel. The braze material
was Palniro I.

Figure 42 is the back side of the flight concept gas generator assembly shown in Figure 41. The fuel
inlet stub is located on the axis of symmetry. The eight holes noted at mid-span in the baseplate are
the pilot mounting holes for the cups.

Figure 43 is a photograph of the unit after the catalyst was loaded into the eight gas generating
elements (cups). The catalyst bed and catalyst retaining bedplates have been installed, and the
closure plug has been welded into the fuel manifold cavity.

Figure 44 shows the' unit completely assembled with the central and peripheral heat shields
installed. The central heat shield is a slotted, inverted can structure that protects the individual fuel
manifolding tubes from the direct impingement of the hot gas generated from the eight gas
g 'ge erating elements. The peripheral heat shield is a cylindrical shell that reduces the heat load into
the starter breech shell immediately opposite each of the eight cups.
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The flight concept type gas generator assembly was adapted to the breech base of the STU I 3/A34
,K cartridge starter as shown in Figures 45 through 48.

Figure 45 is a photograph of' the STU I3/A34 cartridge starter, flight concept gas generator and
the gas generator installation adapters prior to assembly. Left to right are the starter with its breechI cap renoved to ,iow the breech base, the eight-cup flight concept gas generator, a sealing adapter,
and the breech lock propellant valve adapter.

Figure 46 shows the flight concept ýýas generator installed in the starter breech base. The coiled
wire and plug on the fuel inlet side of the gas generator is a thermocouple that is used to monitor
the temperature of the injector stem of the gas generator during test.

Figure 47 shows the sealing adapter installed on top of the gas generator. The seal plate has two
face seals (0-rings) that seat on the ftuel inlet side of the flight concept gas generator, additionally,
"two peripheral seals (0-rings) seat on the I.D. bore of the breech base. The eight tapped holes near
the maximum diametral surface of the sealing adapter are used to insert one or more bolts to allow
seal adapter removal for access, to the flight concept gas generator.

Figure 48 shows the f.inal step in the installationa process for the flight concept gas generator. The
breech ,locking adalitcr plate interfaces with the starter breech through three lugs. The locking
adapter is installed on top of the sealing adapter and rotated into the breech lug feature (a handle is
provided to rotate the locking adapter against the compression drag of' the sealing adapter face
seals), a set screw is provided to prevent the locking plate from rotating during starter testing. The
locking plate includes mounting provisions for the propellant valve which adapts to the fuel inlet
stub on the flight concept gas generator through an 0-ring sealed bayonet-type fitting.

The sealing adapter, breech locking adapter, and the propellant valve are required for breadboard
starter testing and would not be used in the flight concept "in-breech" flight system.

3.4.2 Hydrazine Starter Fuel CGnsumption and Limited Life Demonstration
The eight cup, flight concept gas generator was installed in the breech base of the Sundstrand

*1 STUI3/A34 starter as discussed in paragraph 3.4.1 and tested in conjunction with the breadboard
'fuel supply system (paragraph 3 1) and the government-furnished universal test stand, as described

in this subsection.

Fuel consumption testing and the requirement to demonstrate a limited life capability of' the flight
concept gas generator were combined in the 32 full power hydrazine fueled starter tests described
herein.

3.4.2.1 Hydrazine Starter Test Setup

Figure 49 is a photograph of the hydrazine fueled starter installation on run pad of the universal
starter test stand.
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Tile flight concept gas generator is installed in tile. breech base of' thle STU I 3/A34 cartridge starter.
Fuel is supplied to the gas generator from thle, breadboard fueLC suIpply Sulbsysteml thlrough the steel
braid covered flex hose that can lie seen passing behiind and under the "C" shlaped exh1aust dulct that
is attached to the fanl cover onl the starter.

j ̀  The large stainless tank and pressure gauge in the left hand portion of Figure 49 are part of the
exhaust gas sampling apparatus (gas sampling is discussed inl subsection 3.4.3 of this report). Three
pressure tr-ansducers canl be seen; the transducer at thle 10 o'clock po~sition (relative to the starter
breechi at oclock is used to montVor the starter exhiaust d uct pressure Pex. Thie transducer at tile
4 o'clock position measures the pressure in the breech (Pc), and the transducer at thle 7 o'clockSposition is used to monitor the fuel pressure immediately upstre~i i of the fuel inlet stub onl the
flight concept gas generator.

Figure 50 is a sketch of the hydrazine fueled starter test setup. Major elements of the setup include
the flight concept gas genera to r/sta rter assembly, the universal starter test stand, and the
breadboard fuel supply subsystem.

For temperature-conditioned starter runs at -65 and +160 0 F soak conditions, the starter was
removed from the test pad onl the universal starter test stand and placed in the environmental test
chamber. The flight concept gas generator was then removed from the starter breech but remained
in the environmental test chamber with its fuel supply flex hose connected to thle breadboard fuel
supply., The flex hose was charged with fuel up to the propellant valve. The breadboard fuel supply,
starter, and the flight concept gas generator were maintained at the required test temperature for at'
least 4 hours after Ti, Tmll, and TTK uniformly indicated that the required soak temperature had
been reached. The starter was then removed from the environmental test chamnber and installed onl
the test pad of the univers~al starter test stand (two niarmon clamp joints) and the instrument leads
connected. The gas generator assembly was then removed from the environmental test chamber and

* installed in the starter breech, Pi and Ti instrument plugs were connected, and the starter was
operated within the next 60 to 90 seconds.

3.4.2.2 Instrumentation
All temperatures and pressures were monitored with chromel alumel thermocouples and
temperature-compensated strain gauge type transducers respectively. The output fromn these devices
was continuously recorded with strip chart and/or oscillograph recorders as summarized in Table 9.

!A

~1 S 3.4.2.3 Test Procedure
Prior to conducting each start sequence, the fuel tank in the breadboard fuel supply subsystem was
filled with the hydrazine-based fuel mix, and the fuel level and fuel temperature in the
unpressurized fuel tank were recorded.

The lbreadboard fuel supply subsystem and the flight concept gas generator/starte r assembly were
then temperature conditioned (for -65 and + I 60OsF firings only) as/if required.

A-
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Table 9

* IlHYDRAZINE FUELED STARTER INSTRUMENTATION

Symol Record on

Symbol Parameter Range Strip
Crt Oscillograph

•!i: Chart

Pc Breech pressure 0 to 1,500 psig X X

Tc Breech temperature 0 to 2,250°F X

Ti Injector stem temperature -65 to +475°F X

Pi Injector pressure 0 to 1,500 psig X X

PTK Fuel tank pressure 0 to 1,500 psig X

*,Pf Fuel line pressure 0 to 1,500 psig X X

TTK Fuel tank temperature -65 to + 160 0F X

Tf Fuel line temperature -65 to +160OF X

ST. Environmental chbr temp -65 to + 1 60 0 F X

Pox Starter exhaust pressure 0 to 15 psig X

Tex Starter exhaust temperature 0 to 905OF X

N Starter speed 0 to 5,000 rpm X X
VE & VI Prop valve voltage/current 0 to 1 rinch deflect X

Fuel flow rate 0 to 0.5 Ibm/sec X
T1 1 Starter manifold temperature 0 to 475OF X

The hydrazine-fueled starter assembly was then installed on the test pad of the universal starter test
stand. The exhaust system and all instrumentation leads were connected, and the unit was ready for
test.

The fuel tank was pressurized to the required start pressure (typically 20 to 100 psig). The dome
loading regulator in the pressurization ramp generator was set to the required run pressure
(nominally 1,250 psig).

The instrumentation recorders were started, and the hydrazine-fueled starter was operated by
simultaneously opening the propellant valve (EV2) and the solenoid valve (EV I) in the
pressurization ramp generator.

As a general rule, the firing was terminated when the starter (flywheel) speed reached a
predetermined value. The firing was terminated by closing the propc!lant controil valve. EV2. The
maximum terminal speed of particular interest was the average value of the test results obtained (at
the applicable operating temperature) during the baseline "cartridge-mode" starter performance
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tests (see Figure 30, paragraph 3.3). The nominal terminal speeds were 3,070 rpm at -h5([, 2,950
rpm at +550 F, and 2,790 rpm at + I 600F.

The flywheel was allowed to spin-down to approximately 2,000 rpm after each starter operating
cycle, and then the flywheel brake was applied.

The fuel tank was vented and allowed to temperature soak back to local ambient temperature. The
"post-test fuel level and fuel temperature were then recorded, and the total fuel consumption/start
cycle was calculated using the sightglass data and the known density of the fuel mix.

3.4.2.4 Test Results

Thirty-two full-power hydrazine starter operating cycles were conducted, 20 at anmbient soak
temperature conditions, 7 at -65 0 F, and 5 at +1 600F. Table 10 is a summary of' the 32-run test
series. All tests conducted were totally successful.

Figures 5 1, 52, and 53 are representative tracings of the breech pressure and starter output shaft
speed versus run time for starter operating cycles at -65, ambient, and +I600F soak conditions
with the TSF-2 fuel blend. Each figure denotes the run number, pretest soak temperature, the
time-averaged value of the starter breech pressure Pc, and the total value of the breech pressure-time
integral from the first indication of pressure to shutdown (maximum flywheel speed),

Figure 54 is an overlay tracing of the major parameters recorded during a typical hydrazine-fueled
starter test (run 62 at ambient soak conditions). Figure 54 shows the relationship between breech
pressure (Pc), starter speed (N), gas temperature in the breech (Tc), turbine exhaust temperature
(Tex), and the static pressure in the starter exhaust duct.

The peak gas temperature (Tc) measured in the cartridge breech during run 62 was 1,5800F. (Peak
gas temperatures with TSF-l fuel mix were noted to be in the 1,600 ± 50OF range over the entire
-65 to +160OF oper'ating regime. Peak gas temperatures with the TSF-2 mix were in the 1,700 ±

25OF range.)

The peak exhaust gas temperature (Tex) measured during run 62 was 8950F. (Peak exhaust gas
temperatures with the TSF-I fuel mix were noted to be in the 900 ± 500 F range over the entire -65
to +160°F operating regime. Peak exhaust gas temperatures with the TSF-2 fuel mix were in the
950 ± 50OF range.) The shape of the exhaust temperature versus time curve is similar to that noted
during the baseline starter operation in the "cartridge-mode," indicating increased power extraction
from the working fluid during the later portion of the starter spin-up.

3.4.2.4.1 Starter Fuel Consumption Testing

The net volume available within the flight concept preliminary design breech envelope (RRC
drawing SK 5585, Rev. A) for the fuel cartridge and the pressurization subsystem is on the order of
225 in. 3. During the Phase I preliminary design studies, it was estimated that the worst-case fuel
consumption (-65OF start) would require 6.86 Ibm of TSF-I fuel. The space required to package

87,
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4 Table 10
IY)ANE TEST SUMMARY
HYIRAZINE FUELED STARTER TEST PROGRAM

Type of Test Fuel Mix
RRC Ambient -
Run Soak Limited ExhaustS....Starter
No. Temp Life Gas TSF-I TSF-2

Demo Sampling

49 Anmb X X X
50 Anib X X X
51 Aimb X X X

52 Amb X X X
53 Amb X X X
54 -050F X X X
55 Amb X X X
56 Amb X X X
57 Amb X X X

S5S Arab X X X

59 Amb X X X
60 Amb X X X
61 Amb X X X X
62 Amb X X X X
63 Amb X X X X
"64 Arb X X X X
66 -650F X X X X
74 Amb X X X X
75 Amb X X X X
76 + 160OF X X X X
77 + 1600F X X X X

78 -6501F X X X X
79 Amb X X X X
80 -65°F X X X X
882 Amb X X X
83 Amb X X X
84 .65OF X X X
85 -65°F X X X
86 -65OF X X X
87 +160(F X X X
88 +1 60°F X X X
89 + 160OF X X X
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this quantity of fuel would be 181 in. 3 at the minimunm fuel density condition, which occurs at the
+160°F soak temperature. The remaining 44 in. 3 of' breech volume would then be available for the
hot gas pressurization subsystem that would be used to pressurize and expel the fuel from the fuel
cartridge.

lHydrazine starter fuel consumption testing was subsequently conducted with both candidate fuel
mixes (TSF-I and TSF-2) over the required operating temperature extremies of -05 to +1 600F. The
results from these tests are summarized in Table I I and discussed below.

*,3.4.2.4.1.1 TSF-i Fuel Consumption

The first hydrazine-fueled starter test, run 49, required 7.86 Ibm of' fuel to duplicate the
"'cartridge-mode" starter performance at ambient temperature soak conditions. Run 49) chamber
pressure data indicated that the starter relief valve had opened during the test, bypassing a portion
of the hot gas around the turbine nozzles, effectively increasing the fuel consumption above thi
minimum obtainable value. The starter relief valve spring pressure was increased to prevent the valve
from opening, and the test was repeated. The fuel consumption was reduced from 7.86 to 7.38 Ibm
(run 50).

Runs 51 and 52 were conducted at fuel supply pressures 100 psi lower and higher than the noniinal
value of 1,250 psi to determine the probable optimum operating pressure requirement. Both tests
resulted in higher fuel consumption that that of run 50, Within the accuracy of thiv test results, it
appears that 1,250 psi is near optimum for the fuel supply pressure at ambient test conditions.

Run 53 was a repeat of run 50 to gain insight into the repeatability of starter performance and fuel
consumption at ambient test conditions. Fuel consumption repeatability between runs 50 and 53
was within 2.7 percent.

Run 54 was the first hydrazine-fueled starter test at -65 0 F soak conditions. The pressure drop
through the breadboard fuel supply system was found to be excessive, resulting in a low value of
breech gas pressure (Pc). A fuel consumption of 8.69 Ibm was noted.

After run 55, the starter relief valve was further modified in an attempt to reduce fuel consumption.
During starter overhaul, the starter relief valve is adjusted in such a way as to keep the valve pintle

'I from seating (-0.005- to 0.007-inch gap) at ambient temperature. The relief valve was subsequently
modified to assure that the pintle did seat to prevent any loss of breech gas,

The average fuel consumption during the next 10 ambient temperature starter tests was 7.30
Ibm/start. Fuel consumption at -65OF (runs 54 and 66) averaged 8.69 Ibm, and +160oF, fuel
consumption averaged 6.64 Ibm (runs 66 and 67).

The fuel consumption of 8.69 Ibm as measured during the -65OF tests (runs 54 and 66) was thought
to be greater than the minimal obtainable value due to operating the gas generator at a low pressure
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Table I1

IIHYi)RAZINE STARTER FUEL CONSUMPTION SUMMARY

*1 2 3 4 5 6 7 8

Max Time to Total Max Speed Time Net Fuel
Run Flywheel Max Test Fuel (Cartridge to Consumption to
No. Speed Flywheel Condition Consumed Mode) Nc Flywheel Speed

(rpm) Speed (see) (Ibm) Nc(I) (see) Nc (Ibm)

49 3,190 19.9 Amb 8.93 2.960 17.5 7.86
50 3,101) 18.5 Arab 7.98 2.960 1 7.1 7.38
51 3,000 19.0 Amb 8.06 2,960 18.6 7,90
52 2.980 16.0 Arab 7.78 2,96(0 15.75 7.74
53 3,020 17.2 Arb 7.78 2,960 16.8 7.58
54 3,120 22.5 .650F 8.89 3,07() 22.0 8.69
55 3,1)10 17.0 Amb 7.62 2,960 16,8 7.54
s So 3,040 1 7.7 Awlb 7.90 2,960 I 7.2 7.66
57 3,030 16.8 Arb 7.62 2,960 16.3 7.38
58 3.)40 16.9 Arab 7.40 2,960 16.5 7.27
59 3,020 17.0 Arb 7.40 2,960 16,7 7.30
60 3,050 17.4 Aib 7.62 2.960 16.6 7.27
61 No fuel consumption data
772 3.060 18. A+,,, 7.30 2,960 17.1 6.91
03 3,000 17.5 Arab 7,70 290 17.0 7.46

S64 3,020 17.7 Aulb 7.02 2,960 1 7.2 7.38

80 3,150 24.0 -65(4F 7.09 3,070 17.0 8.69S74 3.020 18.7 Arab 8.57 2,960 18.2 8,34(2)

S75 3.000 16.6 IAnti 7.38 2,960 16.2 7.19
!1'7o 3,040 16,./ + 1 6D°F 7.62 2,770 14.7 6,71
S77 2,980 16.3 + ÷1 (601)F 7.30 2,770 14.7 6.59
!78 3,050 17.4 o "50F 7.98 3,070 17.o 8.06

79 3,030 16.8 Awlb 7.46 2,960 16.2 7.19
80 3,140 18.3 -00F 8.22 3,070 17.7 7.94

TSF -I fuel mix
TSF-22 fuel mix

82 3,000 17.0 Arb 7.02 2.960 16.8 6.95
83 3.020 16.5 Ab o 6.95 2,960 16.0 0.71
84 3,160 19.0 -650 F 7.90 3,070 18.3 7.62
85 3.070 20.5 -65VF 8.93 3,070 20,5 8.93(2)
86 3,070 17.0 o5()5°f 7.78 3,070 17.0 7.78
87 3,020 15.8 +160o F 6.79 2,770 14.0 5.92
88 No fuel consumption data (3)
89. 3050 18.0 + I 2,0F 770 14.1 (

Notes:

(I )Cartridge mode performance from Figure x-xx, paragraph x.x.x.x

"(2 )Starter perloi waiice anomaly f flywheel acceleration rate low

(3 )Test valve failure - propellant control valve did not close
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"(Pc) because of the excess pressure drop in the breadboard fuel supjply system. The -650 1 fuel
, i• consumption tests were repeated (runs 78 and 80) with higher fuel supply pressure to verify this

assumption. The fuel consumed at -654F decreased as expected to an average value ol 8.0 Ibm/start.

3.4.2.4.1.2 TSF-2 Fuel Consumption Testing

The worst-case fuel consumption per start cycle with the more energetic fuCl mix TSF-2 at -650F
soak conditions was determined to be 7.7 Ibm (runs 84 and 86), a reduction' of approximately 3.7
percent as compared to the TSF-1 fuel consumption,

3.4.2.4.2 Discussion of Test Results

The fuel consumption test results are plotted in Figure 55. Referring to Figure 55, the average
fuel consumption per start cycle for both fuel mixes has beea plotted in terms of fuel volume
required per start cycle as a function of ambient soak temperature prior to starter operation.

The least energetic fuel mix (TSF-I), requires 192.5 in. 3 of fuel at the worst-case fuel consumption
il condition of -650 F. Fuel density change with ambient temperature excursions would require a

minimum fuel cartridge volume of 211 in. 3 to accommodate fuel expansion at the upper operating
temperature limit of +1 60°F (dashed line). It should be noted that there is considerable excess fuel
available at all temperatures above the -65OF soak conditiorn.

The most energetic candidate fuel mix, TSF-2, requires 185.5 in. 3 of fuel at the -65°F start

condition and a minimum of 203 in.3 of fuel cartridge volume to accommodate the fuel expansion
at +160OF operating conditions.

Thus even with the most energetic fuel mix (TSF-2), the total fuel required to provide eqcuivalent
"cartridge-mode" starter performance at -65OF test conditions (203 in. 3 ) could not be packaged
within the 181 in,3 volume allotted to the fuel cartridge in the flight concept prelirninary design of
RRC drawing SK 5585, Rev. A. Therefore, it was decided at this time that a new flight concept
configuration would be required to provide the additional necessary volume for the TSF-2
hydrazine mix.

Two alternate design solutions were available to provide the additional fuel cartridge space in theI flight concept design.

a. Redesign the hydrazine-fueled pressurization subsystem to reduce its volume by
(203-181) 22 in. 3 .

b. Or revise the pressurization subsystem to a more compact, solid propellant-fueled
subsystem.

The second approach was felt to be the most practical approach and is discussed in detail in
p:2ragraph 3.5.

3.4.2.5 Limited Life Demonstration

There was a contractual requirement to demonstrate a limited life capability for the flight concept
- gas generator of 20 full-power starter operating cycles. The 20-cycle limited life demonstration was

to include at least two cycles at each of the temperature extremes of -65 and + 160 0 F.
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Thirty-two full-power gas generator operating cycles were demonstrated; 7 at -65, 5 at +160, and 20
at ambient temperature. No detectable degradation in the performance of the unit was noted.

3.4.3 Exhaust Gas Sampling and Analysis

The exhaust gas from the hydrazine-fueled starter was sampled, near the turbine exit plane, at -65,
ambient, and +1 60OF soak conditions and analyzed for nitrous oxides, unreacted fuel, and percent
by volume of ammonia and water during starter operation with the TSF-l fuel mix.

Neither nitrous oxides nor unreacted fuel were detected above the experimental threshold level of
0.1 parts per million. The time-averaged exhaust gas composition includes nitrogen, hydrogen,
ammonia, and water as described by the following reaction equation:

¶ N2H4 + 0.118 N2H5NO3 + 0.563 H20O x (1.941) H2

+ 0.917 H20 + (0.646X + 0.531) N2 + ( -X)( 1.294) NH3

* where X is a factor that accounts for the amount of ammonia dissociated into nitrogen and
hydrogen.

The time-averaged value of X as determined by the exhaust gas analysis at -65, ambient, and

+1 60°F soak conditions is as follows:

X 0.338 at -65OF

X 0.518 at ambient

X = 0.583 at +160oF

The time-averaged value of the ammonia dissociation factor can be used with the foregoing reaction
equation to determine the average starter exhaust gas composition during starter operation, as
shown in Figure 56.

3.4.3.1 Gas Sampling Apparatus

A sketch of the hydrazine-fueled starter exhaust gas sampling apparatus is shown in Figure 57.I The exhaust gas was extracted from the starter exhaust duct through a 3/8-inch stainless steel Pitot
tube located approximately 2 inches downstream of the starter turbine wheel. The exhaust gas
samples were collected in two stainless steel sample cylinders. A 75-cc cylinder was used to sample
for nitrous oxides and unreacted fuel, and a 13.9-liter cylinder was used to collect a large gas sample
forý composition analysis. The sample cylinders were evacuated with a small mechanical vacuum
pump prior to each sampling test. Exhaust gas flow into the sample cylinders was effected by
energizing a normally closed electric solenoid valve.

The Pitot tube (external to the exhaust pipe) sample valve and the hand valves on the sample inlet
side of both sample cylinders were heated electrically to at least 200OF prior to operating the
starter to prevent condensation of water and/or ammonia upstream of the sample cylinders. The gas
sample pressure (Ps) and temperature (Ts) were monitored and recorded continuously,
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3.4.3.2 Gas Sampling Procedure

Prior to each gas sam pling test, tile sample cylinders were flushed with distilled water, rinsed with
isopropyl alcohol, evacuaLCd, and oven dried at I 00oC. The sample cylinders were then installed as
shown in Figure 57. Hland valves (HV- I, HV-2, HV-3, HV-4) were opened, and the cylinders were
evcLuated with the vacuu-M pulmp. The electric heater was energized and operated continuously
until a temperature of at least 200oF was noted on the body of the sample valve. Hand valves HV-3
and IIV-4 were then shut, and the pressure in the samnple cylinders (l1s) was monitored to assure that
there were no leaks in the sample system.

The starter was then installed, and the firing countdown was initiated. The sample valve was opened
0.2 to 0.4 second after the main fuel control valve was energized to initiate the starter spin-up. The
sample valve was closed when the starter speed reached a value of approximately 50 rpm below the
maximnum programinmed value.

Sample pressure and temperature (Ps and Ts) were then noted, and the sample cylinders were
isolated by closing hand valves HV-I and HV-2. The 75-cc sample cylinder was then removed and
routed to the chemical laboratory for immediate analysis for :iitrous oxides and unreacted fuel. The
13.9-liter sample cylinder was subsequently removed and routed to the chemical laboratory fbr
exhaust gaii composition analysis. The final pressure in the sample cylinders was typically noted to
be slightly subambient (12 to 14 psia). Sample temperature (Ts) typically peaked at 10 to 15OF
above local ambient temperature.

3.4.3.3 Gas Analysis Technique

The analysis techniques for the hydrazine-fueled starter exhaust gas sampling task are presented and
discussed as follows.

3.4.3.3.1 Analysis for Gas Composition

The theoretical exhaust gas composition for the catalytic decomposition of the TSF-l fuel mix are
"nitrogen, hydrogen, ammonia, and water in quantites related to the degree of completion of the
"endothermic dissociation of ammonia per the following reaction equation.

N2-i4 + 0.118 N2HSNO3 + 0.5 63 H20 -- (X) ( 1.941) 1[12

+ (0.917) H20 + (0 - X) (1.294) NH3 + (0.646X + 0.531) N2

where (X) is the fraction of ammonia dissociated.

in the absence of any secondary reactions which may form aitric oxides and in the absence of any
unreacted fuel in the exhaust products, the ammonia dissociation factor "X" may be determined
from the ratio of the weights of water and anmmonia present in a given sample of the exhaust
products using the following relationship derived from the reaction evaluation.
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(0.917) H20 Wt (NH3)
( 1.294)(NH3) Wt (120)

The ammonia dissociation factor (X) was determined experimentally with the apparatus shown in
Figure 58. Referring to Figure 58, the 1 3.9-liter gas sample cylinder was installed in an oven and
heated to I 00°C. Heating raised the gas pressure above local ambient and assured that the water and
ammonia constituents in the gas sample were in the gaseous phase.

The hot gas sample was then allowed to flow slowly through the test apparatus. Water was removed
from the gas sample in the first flask, which contained hygroscopic Ascarite (NAOH on alumina

K carrier). The water free gas sample then passed into the second flask where the ammonia was
absorbed in a H2S04 solution.

The weight of water collected was determined by weighing the Ascarite flask before and after. The
amount of ammonia collected in the second flask was determined by back titrating the contents of
the second flask.

3.4.3.3.2 Analysis for NOx and Unreacted Fuel

The 75-cc sample cylinder was pressurized to approximately, 30 psig with gaseous helium, and the
resultant exhaust gas/helium mixture was analyzed for NOx and unreacted fuel by colormetric
techniques.

The principle of the method used for NOx analysis is the diazotization of sulfanilic acid which
couples with N-(l-napthyl) ethylene diamine to form a stable red dye. The method will measure
nitric oxide if sufficient air is admitted to convert all nitric oxide to nitrogen dioxide.

The method involved the preparation of a 200-ml reagent solution containing 188 ml of sulfanilic
acid solution*, 4 ml of the N (l-napthyl) ethylene diamine dihydrochloride solution**, and water.

Twenty ml of the reagent solution was drawn into an all-glass syringe. A 22-gauge needle was
attached, the syringe was inverted, and entrapped air was forced out of the syringe. With the syringe
inverted, the needle was inserted through a septum on the sample cylinder and 80 ml of gas was
allowed to enter the syringe. The needle was removed from the septum, and the pressure in the
syringe was allowed to equalize with ambient pressure while maintaining the 80-mi gas volume.
Twenty ml of ambient air were then drawn into the syringe and the needle was capped. The syringe
was then shaken intermittently for 20 minutes. After rinsing a l-cm pyrex cell with the reagent
solution, the absorbance of the syringe sample was measured at 550 pm using a Hitachi-Perkin-
Elmer double-ar ,, sectropho.tometer, usinga reference.

*10 grams sulfanilic acid dissolved in 800 rt distilled water plug 140 ml glacial acetic acid.

**0.2 gram N ,(I -napthyl) ethylene diamine dihydrochloride in 100 nl distilled water,
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NO~ eemntoiwsqattzdb oprn h results With calibration curves prepared from1, 2, and 3 mil of a standard sodium nitrite solution**mieinI-nlouetifasswt20-nil reagent solution and filled to the mark with distilled water, yielding absorbane equivalent to50 100u, and 1.50 ppmn N0 in the 8 0-mi ga ape
The analysis for unreacted fuel was also done by colormetric technique using a reagent solution of'paradiinethyJ amiinaobnzudehyde.

The procedure involved loading of 10 nil of the PDAB solution into the syringe, adding 80 mil of theexhaust gas, capping the syringe, and shaking intermittently for 10 minutes. The liquid fromi thesyringe was then injected into a 25-nil flask and filled to the mark with 1 .0 M HQI. Tfie, absorbancewas measured at 4S8 pmn and the quantity of N2H-4 was determined from reference calibrationcurves.

3.4. Exas Gas Composition - TSF-2
As noW-,d, the foregoing exhaust gas sampling and analysis was conducted during starter operationwith tile TSF-1 fuel blend.

Since there is very little difference in the composition of' the TSF- I and TSF-2 fuel blends, theexhaust gus composition for the TSF-2 fuel blend can be estimated with a high '-' cofd Ic ee perthe following,.ihee

The reaction equation for the TSF-2 fuel blend is:
V.. ~N2H4 + 0.145 N21-1N0 3 + 0.521 H-20-1--* (I -X) (1.285) NFI3

+ X( 1.928) H2 q (0,642X + 0.5 75) N2 + 0.956 1120
where X is the ammionia dissociation factor.

The experimentally determinod ývzues for the average amimonia dissociation factor based ontim-4%ýred ~gtemperature measurementý takon during starter testing with TSF-2 fuel are:X0.367 at -ý65d011
X, Z .556 4t ambicent
X 0.643 at +I 6OFl

Thu t~eý average composition of the TSF-2 fueled starter exh auat products can he estimated bysubsituing he v a~ammr~ dssoiaton .tors..above in the reaction equation for the TSF2fuel mix.

**20 grams dry sodium nitrite dguted to I liter with distille6d Watof,
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The tinle-avcragL'd value and the steady-state value of' the ammonia dissociation factor are
summarized in Figure 59 for starter operation with TSF-1 and TSF-2 fuel mixes, as a function of'
ambient soak temperature. Figure 60 depicts the thermochemical reaction temperature for both
fuel blends as a function of' the instantaneous ammnonia dissociation factor.-

3.5 PRESSURIZATION SUBSYSTEM TESTING

Tile initial flight concept versions of the hydrazine-fueled starter - -RRC drawing SK( 5585 and R RC
drawing SK' 5585. Rev. A - envisioned hot gas pressurization of the fuel c:artridge/breeChl ullage
using ,a pressure-regulated, hyd razmne-t ueled, gas generating subsystem.

Phause I1 hydrazine starter fuel consumption testing subsequently elimninated tile hyd ra'zine-fue led
pressurization Subsystem as a viable candidate for the starter application because of thle req uirc-meuit
for increasing the quantity of' fuel that would have to be stored in thle breech envelope to du1PliC'ate
the "cart ridge-miode" starter performance.

The final flight concept version of the hydrazine-fueled starter, RRC drawing SIC 5762, Rev. A, is
configured with a solid-propellant'-fuefed pressurization subs'ystem, This approoch tniniaizes thle.
space required for the pressurization system and affords. tile maxiniurn possible, space availab~le for,
thle liquid fuel cartridge.

Tile solid Propellant pressurization concept and the results of' the. breadboard solid. propellant
pressurization subsystem test program are discussed below.

3.5.1 Solid Propellant Pressurization Concept

Thle basic solid propellant pressurization concept is simple in principle and involves mutching the
rate of' gas generated by the burning solid propellant cartridge (VS) (o thle rate Of liquid fLuel
consumed by thle starter (Vp) at thle required starter fuel supply prcý,ure (.P'j).

(VsP= f (1)
The rate of' gas generated by the solid propellant cartridge can be stated

(2)

where:
=s Mass rate of gas generated, Ibm/sec

R = Universal gas constant, ft lb/llb mole OF
Ts Temperature of gas generated

Pf Fuel supply pressure =burning pressure, lbf'/ft2

Ms Molecular weight of' the solid propellant exhaust products, Ibm/lb mole

104



HYDRAZINE FUELED STARTER -
0.8 EXHAUST GAS AMMONIA WS~SOCIATION FACTOR

.. ...

...................................

~ Q.7............................... .....

0.60
... ~OA T....A R .. .. .. .

24k2 .. ...0..5.
.

. . .

.... .. . .



210 THERMOCHEFMCAL REACTION TEMPERATURE* I T.
2100

-%J,. ~~~I~ 144ii !j tl

T.1 111 fil
.~i tu: .tji::

1800 IjjL

cc 1700

ISI

S1600

444

7M. fit

24002.4 106 '4ar4L

14W,



The required burning surface area ( AB) fOr tilhe solid propellant cartiridge can be calculated if tile
propellant burning rate ( r) and the propellant density (Ips) al. nown.

I'S

Ali (3)

For thle starter application, thle solid propellint pressurzi/ation cartridge would ideally exhibit a
neutral burning characteristic (constant l)TreSSWe burn-Iinlg). Neutral burninlg Call be obtained with a
cartridge that burns onl one end. The diameter of' thle cartridge ( )j~) can be determined from the
burning areai (Equation 3), and the length of' tho cartridge ( L) can be determined fromt the burn rate

(r) ,iid the req uired starter operating time (0-) as follows:

DBj Al4 (4)
7r/4

I. = (5)

Thus, assuming that the solid propellant cartridge is sized fo*r one operating condition, the cartridge
sizing is straightforward if thle effective gas composition (Ms) and gas temperature (Ts) are known.

The actual sizing of' the solid propellant cartridge for the Ityd raz'ine-fue led starter application was
done per the foregoing with the design point set at thle minimum allowable fuel pressure at -650 F
soak conditions. Certain assumptions% were. made regarding the composition of the exhaust gas (M%)
and the effective temperature oifthe exhaust gas (Ts) based onl estimated hecat transfer effects to the
breech.

Extrapolating thle gas generating characteristics of the solid p~ropellant pressuiization subsystem to
ambient and +100 0F operating conditions is an extr-emely difficult task. For instance, the pressure
that the solid propellant gas generator would develop if' thle throat area (A*) were constant in the
system can be expressed as

P2 7rk(1T2-T), AB(6

where:

7rk Temperature sensitivity of* burning preiisure at constant AB/A*

(T2 - TI) Chliange, in temperature

Thus, the pressure would tend to increase at amibient teimperaturcs above tile -65OF design point.

107



Additionally, the propellant burn rate at any temperature is a function of pressure
I.'

- K(P)n1 T" = C (7)S~rl

where:

n Burning rate pressure exponent

and even if the solid propellant pressurization subsystem were soniehow pressure regulated, theburn rate would increase with temperature in accordance with

2 c =eP(T2' - pC (8)
rl

where:

op 7rk( 1 - n) = temperature sensitivity of burn rate at constant pressure

In the hydrazine starter application, AB/A* is not constant, heat transfer to the breech walls and

fuel cartridge affects the temperature and molecular composition of the pressurization gas, there is
no pressure regulator, and the unit must function over a broad temperature range.

Detailed analysis was conducted to predict the operating characteristics of the solid propellant
pressurization subsystem over the complete -65 to + I 60°F operating range. Based on these analyses,
the basic or conceptual operating characteristics of the, flight system will be reviewed in the
following subsection.

S3.5.1.1 Solid Propellant Pressurization Subsystem Operating Characteris ties

Figure 61 depicts the allowable fuel pressure limits, as a function of ambient temperature, for the
hydrazine starter.

If the pressurizing propellant has a high value of irk, then a cartridge that has been sized to satisfy
the -65°F fuel supply requirements will function satisfactorily from -65oF to some intermediate
temperature (point 1); operation at temperatures in excess of' point 1 may result in nmechanical
failure, excess fuel consumption, or some other undesirable condition.

If a pressurizing propellant is selected with a low value of irk, the starter could operate satisfactorily
between the -65OF design point and the upper temperature limit (point 2).

Rocket Research Corporation conducted a propellant supplier survey to determine the availability
of propellants with low values of irk. The results of this survey indicated that there were no
propellants available that would satisfy the -65OF to point 2 requirements shown on Figure 61.AI

1 "Several propellant suppliers have commercially available propellant with irk values in the nominal

~. • :, 'i 0.2 to 0.3 percent/°F range.
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Talley, a propellant supplier for the M XU4A/A cartridge used with the cartridge starter, provided
test sam pie cartridges for the pressurization subsystem test programi. This propellant, designi ted

TAL 43 IMOD.07(, has a 7rk value o' 0.22 percent/ 1 ".

Rocket Research Corporalionl has developed a technique for using the Talley propellant that
reduces the effect of higher thMan desired irk. F:igure 62 depicts the approachl.

Referring to Figure 62, the solid propellant cartridge is decsignCd to the minlimum fuel pressure.
-650 F operating point. This will allow satisfactory starter operation between -05o11 and the
intermediate temperature of point I. At point I, the ratio of' burn area to effective throat area,
AB/A*, is decreased by opening a bleed orifice and dumping a predetermined percentage of the gas
being generated. This allows the pressure in the breech to be reduced (point 2) to the Ininiinumi
allowable value, providing acceptable starter performance between -650F and point 3.

"Point 3 may lie to the left of the +160°F temperature line, within certain limits, and still allow
acceptable starter performance at the + 160 limit. There is excess fuel available at + I 60 0 F, and the
starter pressure relief valve, which is located just upstream of' the turbine nozzle block, can be set to

* relieve the excess gas generated by the hydrazine-fueled gas generator, if' required.

3.5.2 Solid Propellant Pressurization Subsystem Test Results
Rocket Research Corporation procured 25 cartridges from Talley Industries of' Arizona to evaluate

the proposed solid propellant pressurization subsystem approach experimentally. The test
apparatus, test program, and test results are described below.

3.5.2.1 Test Apparatus

. A breadboard version of' the proposed solid propellant pressurization subsystem and a liquid fuel
c xpulsion device were fabricated to evaluate the pressurization subsystem concept at the
component level, at -65, ambient, and +160OF soak conditions. The test apparatus is shown in

Figures 63 through 65.

Figure 63 is a sketch of the gas generator/fuel expulsion device. The gas generating portion of the
subsystem includes the breech assembly, solid propellant cartridge, and ignitor. Hot gas generated
by the solid propellant cartridge is used to pressurize the piston in the aircraft type accumulator.

] Approximately 370 in. 3 of fuel is contained in the space below the piston. A liquid flow control
orifice is located in the discharge end of the accumulator. Fuel retention is accomplished with a
1,000-psi burst disc.

The solid propellant cartridge is an end burning configuration, 2. 1 inches in diameter and 1.5 inlches
in length. The cartridge is inhibited on the cylindrical surface and one end. The propellant is a guim
rubber/ammonium nitrate blend designated as TAL 43 1 MOD.076 and is identical to that used in
late model Talley MXU4A/A solid propellant cartridges for the cartridge starter application. The
supplier's data sheet for this propellant blend is shown in Figure 66.

S .... •.,The ignitor is a RRC-developed device utilizing two electric matches and pelletized BKNO3.
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Ta liey Industries* Product Data SheetH

SULID PROPELLANT DESIGNATION

TAL - 431 MOD 0. 076I (Formerly 36-85-1)

I.k~sviphon~f: Gum Rubber/Ammonium Nitrate

iiAiIASTI1C PRO PERTlIES:

Burning Rate Equation (80o F)................................7 (P/00 0.546
Area Ratio Equation (800 F, Cale)...............................2040 (Pc/1000)
Flame Tomixipraturo (OF, cale) 01................................................2132
C'haracteristic Exhaust VvI-ocity (C*, it/see)........................ .............. 3919
Tempe~rature Sensitivity ('./O F)

Temp. Fange -65o~ to 416o F 1A p= 0. 22
Speific Imp~ulse (1000 psia, lbf-sec/lbm, Cale) .................................... 190.34

Mok'cul, (Weight,............avg.).©.................... 19. 16
Raitio of Specvific i-feats (7', Cale) .................................. I........... 1.2....
Heat of Reaction (cal/gram) ........................................ 860
Approximate Gas Composition (Mole %

h2 27.11 C114 0.04
if 2 0 29.77 NH3 0.03

C6 15:57 N2S 0.17
CO02  7,23

4N 2  20.0$

PH1YSICAL PROPERTIES: Temp (F) -65 80 160

.11oelation( aei strengh( sisIL).......................................... 6
Elngatio (" ;tt rengti (sri, ss m~ .............................................. 6

Ifiavdncss (ShiW{ "A" 80 ....... I : .I......................... 6

> One( boviu at 350~ F

RT Ciassifivalt'fl&........................... ..................... Flammna~.ble Solid

xiatt rle r,&nge iroml 0.073 to 0.079 inchespe seconSl,(~

Publiscd Nicmbci11195

A 1

F* 6
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IFigures 64 and 65 are photographs of' the breadboard solid propellant pressurization subsystemi~ iapparatus. FigureC 64 shows thie individual subsysttn, Co11nponents, 1a1d Figure 65 shows thle
apcomplete assembly.

; 3.5.2.2 Test SetupST 7e fuel expulsion device and the solid propellant gas generator were installed in a 25 ft3

j environmental test chamber and instrumented shown in Figure 61,

Control requirements were limited to supplying 28-volt DC power to fire the ignitor and power to
S .open the solenoid valve for hot gas bWeed when used.

Three pressures were monitored with strain gauge transducers:
PBreech chamber pressure in the gas generator

PU Accumulator pressure on gas side of' piston

PTK Accumulator pressure on liquid side of piston

Four temperatures were measured with chromel alumel thermocouples:

TC . Gas temperature in gas generator breech

TU - Gas temperature in accumulator

TTK - Liquid temperature in accumulator

To - Environmental chamber temperature

3.5.2.3 Test Procedure

The basic test procedure for characterizing the performance of the solid propellant pressurization
subsystem was as follows:

I. Install propek' liquid flow control orifice in accumulator

Install new (I,000-psid) burst disc in liquid flow outlet of accumulator

3. Install ignitor in gas generator

4. Install solid propellant cartridge in gas generator

5. Adapt gas generator to accumulator
6. Load liquid into accumulator

a. Open vent valve

b. Evacuate through accumulator fill valve

c. Back fill with liquid until piston "tops out" on upper closure end of accumulator

d. Shut fill and vent valves

7. Attach instrumentation

8. Install proper hot gas bleed orifice in outlet of hot gas control valve

a. Ambient and + 160OF soak conditions only

4 116



TEST SET-UP: BREADBOARD SOLID PROPELLANT PRESSURIZATIOiN SUBSYSTEM

Tc L HOT GAS BLEED
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CHAMBER

CONT ROL 0 8 I. ICEj

ACCUMULATOR
)~ILVAVELIQUID.CATCH T ANK

24002. 4 ) Figure 67



9. Hook up ignitor power leads

10. Soak to required operating temperature hold 4 hours (minimum) after all temperatures
indicate stable readings at required temperature

1I. Start recorders

12. Fire gas generator

a. Open bleed, as/if required after Pc ignition peak.

3.5.2.4 Expulsion Test Results

Eighteen solid propellant cartridges were fired to obtain the required ignitor performance; define
gas generation rate versus operating p-essure level at -65, ambient, and +I 60OF operating
conditions; and to evaluate the proposed hot gas bleed technique.

Fuel expulsion at -65 0 F soak conditions was simulated by substituting isopropyl alcohol for the
TSF-2 fuel mix. Fuel expulsion at ambient and +160OF soak conditions was simulated by
substituting water for the fuel blend, One test was conducted expelling TSF-2 fuel at ambient soak
conditions.

The test results are summarized in Figures 68 and 69. FEigure 68 is an overlay of the nominal
starter fuel supply requirements and the operating characteristics of the solid propellant
pressurization subsystem at -65, ambient, and +160OF soak conditions. Referring to Figure 68,
"the nominal starter fuel supply requirements can be depicted by a window bounded by a fuel
volume rate of 10 to II in. 3 /sec and a fuel supply pressure of' 1,000 to 1,100 psig. The operating

* characteristics of the solid propellant pressurization subsystem are defined by plotting the rate of'
gas generated as a function of breech pressure at -65, ambient, and +160OF soak conditions. The
required solid propellant subsystem operation is obtained if the gas generating rate passes through
the starter requirements window at -65, ambient, and +I60OF soak conditions,

"Referring to Figure 68, it will be noted that the operating characteristics of the solid propellant
subsystem are acceptable at -65OF soak conditions; i.e., the rate of gas generation at the required
starter operating pressure level falls within the boundaries of the window. Further, it will be noted
that the operating characteristics of the solid propellant pressurization subsystem are unacceptable
at ambient and +160OF soak conditions since these operating lines do not pass through the starter
requirements window. The rate of gas generation, at these temperature conditions, exceeds the
volumetric rate of starter fuel consumption at the required fuel supply pressure.

As noted in paragraph 3.5.1, this trend of excess gas generation with increasing subsystem operating
soak temperature was anticipated and is consistent with the use of a propellant blend with a higher
value of 9rk than desired.

The effective value of the rate of gas generation for the solid propellant subsystem can be reduced
(at ambient and + 160°F soak conditions) to a level consistent with the starter requirements window
by bleeding oftf a small amount of the gas being generated. The amount of gas bleed is small, since

.• : , :,u•,
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gas bleed reduces the burning pressure which in turn reduces the rate of gas generation (Lquation 7,
paragraph 3.51).

Figure 69 depicts the feasibility of using the solid propellant pressurization subbysten, with bleed,
to satisfy the starter fuel supply requirements. At -650 F soak conditions. the pressurization
subsystem (as sized and tested in this program) operating line passc, through the starter
requirements window with no bleed. At ambient soak conditions, hot V. I through a number
68 drill orifice dumps too much gas; hot gas bleed through a numbei all orifice dumps too
much gas; hot gas bleed through a number 79 drilled orifice conies very chi c to the nominal starter
requirements window. Likewise, hot gas bleed through a number 79 drill orifice reduces the
effective gas generating rate at +1 60°F soak conditions to a level that is very close to the starter
requirements window.

3.5.3 Hydrazine Starter Operation With Breadboard Solid
Propellant Subsystem Fuel Supply

As a final feasibility demonstration of the hydrazine-fueled starter concept, RRC has successfully
conducted three full-power starter operating cycles, at ambient %oak conditions, using the

* •breadboard solid propellant pressurization subsystem, with bleed, for fuel supply.

The test setup is shown schematically in Figure 70 and pictorially in Figure 71. Referring to
Figure 70, the starter was mounted on the universai test stand, and the flight concept gas generator
(eight-cup GG) was installed in the breech base. The breadboard solid propellant fuel supply
subsystem was adapted to the gas generator through a check valve and a normally closed solenoid
valve as shown. The breadboard fuel expulsion device was loaded with TSV-2 fuel, and the
solid propellant cartridge and ignitor were installed in the gas generator breech. A number 79 drill
bleed orifice was adapted to the solid propellant gas generator through a normally closed solenoid
valve.

Starter operation involved the following:

a. Apply 28-vdc power to the ignitor.

b. Simultaneously open the solenoid valves in the main gas generator fuel supply and hot gas
bleed lines.

NOTE: Simulates the rupture of burst discs in the flight concept design.

c. When the required flywheel terminal speed is achieved, open the solenoid valve that is
installed in the fuel outlet bypass of the breadboard fuel accumulator (dump excess fuel).

N " The accumulator in the, breadboard fuel supply subsystem %ias a fuel capacity of

370 in. 3 which exceeds the required fuel volume of 186 in.3 by a considerable margin.
"Thus the excess fuel was dumped to avoid starter overspeed tfr the breadboard system' i test firings.

The operating characteristics of the hydrazine-fueled starter, operating in conjunction with the
breadboard solid propelant pressurization fuel supply subsystem, are shown in Figure 72.
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TYPICAL AMBIENT STARTER OPERATING CHARACTERISTICS
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SFCTION IV
F7INAL FLIGHlT CON(:EP' PRUL.IMINARY U'ESK;N

Thle final fligh t concept prudimina-y deCSigni Ver-SiOn ofI thle hlyd ra1iine St i-e is Shown ill Figures 73
thro ugh 78. Major comiponen ts of the systenm include:

a. Tlhe starter gas generator

1). An expendable hot gas bleed hur'St diSC inIS I-t
C. The liq1 uid fuLel Cart ridge.

A briet'description of the major systemn conmponentIs fol1lows.

4.1 STARTER GAS GEN ERATOR

The starter gas generator is an1 assembly of eight, axial-f'low gas generating elemrents arranged inl
parallel and manitolded to a cenltrl.1 fulel suppllly fitting. Fach of' tile e ighit gas generating elements
consists of, ail outer shel (cup) loaded with 20.5 grasoihl 0 P~tOO5ctls 2-t
30-niesh granules). The catl, is retained inl thle cup by a slotted bedplAteadahdlt eann

catalyst bed inl a radial direction through f'our 0.044-inch'l-diamleter holes inl anl injector stub that
penetrates approxinilatly 0.2 inlch inlt toilie upstreOaml end of* (lie cat alyst bed. A wire mecsh screen is
used to prevent Catalyst Particle nmigrat ion into the 0.04 4-diia m~eter inljector' potsk.

With thle except(ionl of' the screen, all starter gas generator components are fabricated f'romn 300 series
stainless steel. Each of' thle eight gas generating elements, thle ill ector stubs, and thle fuel nianifolding

tubes is brazed to thle mounting struct ure With Palnliro I braze material.

4.2 HOT GAS BLUMI BURST DISC INSERT

As discussed inl paragraph 3,5, there is a ruiremeLnt1C1 to bleed eXcess gas generated by the solid
propellant pressurization subsystem at ambient and + 1 600F operating conditions. This requirement
canl be satisfied by placing a bleed orif'ice across the starter gais generator mIounltinlg plate and
controlling the flow at' breech gas through thle bleed orifice by mleans of a burst disc. T1he burst disc

would be designed to rupture at a predetermined pressure differential between thle breechi and the
turbine inlet pressures. The burst disc would be designed to remaki intact at -650 F breech pressure,
thtus lprev'~.imting brecech gas bleed at -6501'F operating conditions. The burst pressure would be

s -letedtoprovide gas bleed at any operatirig te1Iiierati~re above approximately 40OF (RRC

The hot gas bleed passage would not be open at -65 to +40 0 F op)erating conditionis during start~er
operation. H~owever. when thie fuel is voilsunied after a normal starter operating sequence ill this
temperature range, tile starter gam generator outlet pressure (turbine inlet pressure) will decrease to
local ambient pressure: and the hot gas bleed burst disc will rupture due to the high pressure

*ditferential that exists between thle presUrmied brch1 anld thle umipre1-ssuriZed breech base cavity.
Burst disc rupture will venit thle breech cap) anld allow access to the expen1dable fue cartridge.
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Breech cap venting will occur automlatically thrlou~gh thle open hot gaS bleed orifijce at Ifuel )Ipltion
at system operating temperatures in, the 4(40 to + 1 60OF ',1119Cg. Thus, the hot gas bleed insert is an

expedabl itm tht isrepaced, with thle liq uid fuiel cartridge. a fter each starter operating cycle

4.3 LIQUID FUEL CARTRIDGE,

The fuel cartridge is anl assembly of" the outer shiell, fuLel retention bladder, tile lii u~id fuelC charge,
and the solid propellant pressurization cartridge.

The outer shell is an injection-molded polyethylene structure that Provides handling protection to
the liquid fuel charge. The outer shell contains provisions Ior fuel bladder retention, interfacingI featureS for the f'uel supply to the starter gas generator, and retention of the solid propellant
pressurization cartridge. The fuLel cartridJge will contain 7.7 1 pounds of TSF-2 f'uel, The fuel blend is
contained by a combination of' (lhe polyethlylene fulC shiell, anl elastomecric bladder, and a f'uel outlet
burst disc,

The solid propellant p~ressurization cartridge is a hermetically sealed subassembly that would be
packaged in a light-gauge metal canl, which in turn would "snap11 inl" to thle outer ',SIell Of' the fuel
cartridge. The pressurization cartridge is anl assembly of' the outer canl, the solid propellant grain,
ignitor, and the electrical interfacing connector for- the ignitor. Tile electrical power interface with
the breech cap is identical to that p~resently used in the standard MXU4A/A solid propellant starter
cartridge,

The solid propellant grain is anl end burning configuration 2. 1 inches in diameter and 1 .5 inches in
length. The grain is inhibited onl the cylindrical surface and one end. The propellant is a gumi
rubber/amnuonium nitrate blend designated as TAL 43 1 MOD) 0.076 and is identical to that
currently used inl late model MXU4A/A starter cartridges manuftactured by Talley.

4.4 FLIGHT LINE HANDLING REQUIREMENTS

'Chu flight line handling requirements associated with the flight concept version of' the
hydrazine-fueled starter, as described in this section, wrwhld be very similar to thle current
MX U4A/A% solid propella nt cartridge handling roq uirenien s.

The miain gas gonerator would be permanently instal)h'd in the starter hrehbase, reqluiring no
I '~ flight line mhaintenanice.

~iThe liquid fiWl cartridge waould be clian~d 'prior to start~r oporation by removing the breech cap,
removing the spent. cartridge, -and installing a AreI crridIgo as -is presently done with the
'MXLI4A/A solid propellant cartridge.

Thlere would be o~ne additional task for thle flight line mehnicclah. The hot gas bleed burst disc insert
would have to be removed and replaced. The reniovoil and replacement of this device could be
eliminated by further design effort which would intogrute the feature into the liquid f'uel cartridge
externial thcll structure.
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wit rronuiroellnthydrazine hai been decmonstrated.i The ability to package the complete
hydazie sbsytem(coriversion package) within the space normally occupied by the standard

8.4bn tye hXU4AA soid rope',ant cartridge is a readily obtainable goal.

The breadboard %tersion of the hydrazinotefueled jet engine starter has been successfully

ýy ~demonstrated over the required .-65 to + 1 600 17 operating range. Starter performance elital to or
* ~excee;ding the cunrent solid-propellant-W'elcd starter has been demonstrated. The flighit concept type

(eigt-cp)gas generator has been used to conduct 35 full-poWet-hydrazine-fucled starter operating
cycles with-no detectable perfottnunco degradation which 'would be indicative of gross catalyst bed$ lfe limitations,

Theroe arts sevexa~l fcaitures of' the hydiazine-fueled starter conuizpt that can be classified as potential
imp~voemnts to threcurrent solid-prOPella10-iucld cartridge star-ter. These Neatures Include:

a. Particulate, free exhaust. There is no -smioke, this would, 'result in improved flight line
Vishiiity 'during cai tridg '.stre operation.

Addituiola~ly, thv lack of solid particlfri in th'L hrazine exhaust means that there iý no
purticulate buildiip' in the hot sectioh ol1' the start~r. Particulate bu'ildup as experienced
with the' MXU4 type solid cartridge reduces turbine perforniance and is the dtivlrng factor
in 'iecotrosion of 41 components in the hut sectioii o' the sturter.

b Turbine inlet teniperatures, are 2,00 Wo 5000 F lower wf*the hydrazine-basod fuel blend
as comnparedl to the wrnperattim;e reaiuured during starter operation in the cartridge mode.
Lowýer turbine inlet te~tper~turet; ae c~nduw;tivd to extended turbine wheel life.

The ombnedeffect of itrris a. and b. obove 'Would have a strong influence on starter
A* 0f. * oe.,et httsearth Corpo~rution est;Cmutes that thje time between overhiaul req uirements
cwdd bc imcrased Trozr, the curmeit value of 30. to 300 starts for the solid-propellant-
fueted starter tý a vauWý.,aij hltng 2.000 starts for the liydramne-fueled starter.

c. The ý aiiid toxiolty ýif tho' ýydraziqv exhaust pvpducts are no wors than those
obtabied fumie the $U4A/A soll~d prtopellant cast~rldke exhaust,

Figures 79 through 81I d~pict h i niin f he hy4,rAni,-f).e~dJ star'ter 'fter -35 full-power
operatting cycles. Te'Mw is 6ýp rd rareie 4wtu)du 6ri any startCi tximponent.

F~igures 82 througih 85 are photographs of a ty~oical Watidge starter, as recived at the overhaul
center (ALC, Kelly AF8), aferu la'n .~ unk~hwn number of cartridge swts. The

4 ~difference in cle-anfiness betWoell ýotk!.a~ obvus.
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In closing, it should be noted that a considerable portion of the time and funds expended on thisprogram were related to solving the unique problems associated with the packaging of the entire
hydrazine conversion subsystem into the space that is normally occupied by the 8-Ibm MXU4A/Asolid propellant cartridge. Additionally, little if any problems were associated with the developmentof the gas generator that was used to power the starter, Future aircraft starter applications maywarrant consideration of' hydrazine and particularly so if the aircraft hEs a central hydrazine fuelsupply system for other auxiliary apparatus.
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